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example above) ordinarily must belong to a recognized physical or chemical 
class or to an art recognized class. However, when the Markush group occurs 
in a claim reciting a process or a combination (not a single compound), it is 
sufficient if the members of the group are disclosed in the specification to 
possess at least one property in common which is mainly responsible for their 
function in the claimed relationship, and it is clear from their very nature or 
from the prior art that all of them possess this property. 

The members of Claims 37, 38, and 39 do not require restriction since they belong to 
an art-recognized class and are disclosed in the specification to possess at least one property 
in common which is mainly responsible for their function in the claimed relationship. 

On page 25 of the published application, paragraph [0219], a P2X7R agonist is 
defined as an agent or a compound that can interact with a receptor and initiate a 
physiological or a pharmacological response characteristic of that receptor. Page 3, paragraph 
[0030] of the published application discloses that: "BzATP (2'-3 f -0-(4- 
Benzoylbenzoyl)adenosine 5-triphosphate (C24 H 24N5 O15P3)) acts as agonist of P2X7R 
(North and Surprenant, Annu. Rev. Pharmacol. Toxicol. 40 (2000), 563580). 

North (cited above, copy Attached) further teaches, "The second point, that BzATP is 
more potent than ATP, has led to the widespread use of BzATP as an agonist at P2X7 
receptors." See page 1035, column 1, paragraph 1 of North (2002) Psysiol. Rev. 82:1013- 
1067). 

Therefore, BzATP is disclosed in the specification as possessing P2X7R agonist 
activity and is recognized as such in the art. Applicants note that the art does not teach that 
agonists of P2X7R or BzATP can be used to treat affective disorders such as major 
depression. 

On page 30, paragraph [0253] of the published application, it is also disclosed, "Sanz 
et al., Eur. J. Pharmacol. 355 (1998), 235-244 suggest that tenidap can enhance the activity 
of the P2X7 receptor. It is suggested that tenidap may act by increasing ATP levels or 
improving the effect of ATP on P2X7." Paragraphs [0248]-[0249] provides the chemical 
structure of tenidap and discloses that tenidap is a 3-substituted-2-oxindole-l-carboxamide. 
Paragraph [0249] further states that various modifications of, e.g. side groups or atoms which 
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are well known in the art, can be made to the composition of tenidap. Examples of such 
modifications are presented in paragraph [0250] of the published application (i.e. 3- 
substituted-2-oxindole-l-carboxamides). 

Thus, tenidap and 3-substituted-2-oxindole-l-carboxamides are disclosed in the 
specification as enhancing P2X7R activity and are recognized as such in the art. 

Finally, Example 8 and Figure 19c of the specification present a method for assessing 
the P2X7R agonist activity of compounds. The compounds BzATP and tenidap are provided 
as illustrative. Example 9 and Figure 20 further demonstrate that P2X7R agonists can be 
used to treat affective disorders such as major depression. 

Consequently, the members of Claims 37, 38, and 39 do not require restriction since: 

(i) The art recognizes them as a class, i.e. P2X7R agonists; and 

(ii) They are disclosed in the specification to possess at least one property in common 
i.e. P2X7R agonist activity, which is mainly responsible for their function in the claimed 
relationship. 

In addition, Section 803.02 of MPEP states, "If the members of the Markush group 
are sufficiently few in number or so closely related that a search and examination of the 
entire claim can be made without serious burden, the examiner must examine all the 
members of the Markush group in the claim on the merits, even though they may be directed 
to independent and distinct inventions." The members in Claim 37, 38, and 39 are 
sufficiently limited to allow for a reasonable search. Accordingly, a search and examination 
of the entire scope of these claims does not present an undue burden to the Examiner. 

II. Election/Restriction of a Specific Disorder 

In the March 1, 2007 Office Communication, the Examiner requested the election of 
one disorder from Claim 42-45 because each disorder requires a unique search of the 
literature databases and an undue search burden would be imposed on the Examiner if all of 
the members were examined in one patent application. Claim 42 specifically relates to: 
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The method of claim 36, wherein said affective disorder is selected from the 
group consisting of major depression, generalized anxiety disorder and 
bipolar disorder. 

In the Response to Restriction Requirements filed on April 16, 2007 and' in 
accordance with the Examiner's instructions, Applicants elected major depression as 
provided in both Claims 42 and 43, with traverse. 

In the July 26, 2007 Office Communication, the Examiner requested that the 
Applicants elect a specific disorder of depression. The state of the art recognizes major 
depression as a specific disorder, as evidenced in the following scientific publication and 
medical textbook. 

Nestler et al. ((2002) Neuron 34:13-25; copy Attached) teaches: 

Depression has been described by mankind for several millenia. The term 
melancholia (which means black bile in Greek) was first used by Hippocrates 
around 400 BC. (Akiskal, 2000). Most of the major symptoms of depression 
observed today were recognized in ancient times, as were the contributions of 
innate predispositions and external factors in causing the illness. 

In addition Nestler provides: 

Since the 1960s, depression has been diagnosed as "major depression" based 
on symptomatic criteria set forth in the Diagnostic and Statistical Manual 
(DSMIV, 2000) (Table 1). Milder cases are classified as "dysthymia," 
although there is no clear distinction between the two... Attempts have been 
made to establish subtypes of depression defined by certain sets of symptoms 
(Table 2) (see Akiskal, 2000; Blazer, 2000). However, these subtypes are 
based solely on symptomatic differences and there is as yet no evidence that 
they reflect different underlying disease states. 

Therefore, Nestler and colleagues establish that major depression is a well known disorder 
dating back several millenia and that although subtypes of major depression have been 
suggested, there is no evidence that these subtypes represent a different disease. 

In addition, Goodwin and Ghaemi teach in the New Oxford Textbook of Psychiatry 
(copy Attached): 

Diagnostic subtypes of mood disorders in DSM-1 V 

1. Major depressive (unipolar) disorder is characterized by depressive 
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episodes without any hypomanic or manic states: the patient is either 
depressed or average in mood, but experiences no mania. 

2. Bipolar disorder is characterized by manic or hypomanic states: the 
patient is either depressed, euthymic (normal in mood), or hypomanic / manic. 
Bipolar disorder differs from unipolar disorders by including manic states. No 
matter how many times a patient is depressed, only one manic/hypomanic 
episode is required to diagnose bipolar rather than unipolar disorder. Bipolar 
disorder is further characterized as type I or type II. Type I is diagnosed when 
at least one manic episode is identified. Usually recurrent depression also 
incurs, but in 5 to 10 per cent of cases there are no diagnosable major 
depressive episodes, although almost always there will be minor depressive 
episodes. Bipolar disorder type II requires the absence of even one manic 
episode, and instead the occurrence of at least one hypomanic episode and at 
least one major depressive episode. The critical difference between mania and 
hypomania, in current DSM-IV nosology, is that mania requires significant 
social and occupational dysfunction, while in hypomania significant social 
and occupational dysfunction needs to be excluded. Durational criteria are 
less strict for hypomania (a minimum of 4 days) than for mania (a minimum 
of 1 week)." (see page 608, column 2 of Goodwin and Ghaemi (2000) "An 
introduction to and historical review of mood disorders" in "New Oxford 
Textbook of Psychiatry", Gelder MG., Lopez-Ibor JJ., and Andreasen N, eds., 
Oxford University Press; copy enclosed). 

Therefore, the New Oxford Textbook of Psychiatry also establishes that major 
depression represents a subtype of affective disorders (also known as mood disorders). 

Based on these state of the art publications, the election of major depression, with 
traverse, represents the selection of a single disease by the Applicants and consequently 
fulfils the requirement set out by the Examiner in the Office Communication of March 1, 
2007. 

The reasons given by the Examiner in the Office Communication of March 1, 2007 
for the election of one disorder from Claim 42-45 is that each disease requires a unique 
search of the literature databases and undue search burden would be imposed on the 
Examiner if all of the members were examined in one patent application. 

According to Section 803 of MPEP "if a search and examination of an entire 
application can be made without serious burden, the Examiner must examine it on the 
merits, even though it includes claims to independent and distinct invention". 
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As presented above, the New Oxford Textbook of Psychiatry establishes that 
affective disorders contain only a few subtypes while Nestler and colleagues teach that 
although attempts to establish subtypes of depression have been made, there is yet no 
evidence that they reflect different underlying disease states. 

Consequently, the diseases and subtypes listed Claims 42-45 are sufficiently few in 
number or so closely related that a search and examination of the entire claims can be made 
without serious burden. 

III. Conclusion 

The Examiner is invited to contact the undersigned by telephone if it is felt that a 
telephone interview would advance the prosecution of the present application. The 
Commissioner is hereby authorized to charge any additional fees which may be required 
regarding this application under 37 C.F.R. §§ 1.16-1.17, or credit any overpayment, to 
Deposit Account No. 19-0741. Should no proper payment be enclosed herewith, as by a 
check being in the wrong amount, unsigned, post-dated, otherwise improper or informal or 
even entirely missing, the Commissioner is authorized to charge the unpaid amount to 
Deposit Account No. 19-0741. If any extensions of time are needed for timely acceptance of 
papers submitted herewith, Applicant(s) hereby petition(s) for such extension under 37 C.F.R. 
§1.136 and authorizes payment of any such extensions fees to Deposit Account No. 19-0741. 

Respectfully submitted, 



Date 



FOLEY & LARDNER LLP Richard C. Peet 

Customer Number: Attorney for Applicant 

22428 Registration 35,792 

PATENT TRADEMARK OFFICE 

Telephone: (202) 672-5483 
Facsimile: (202) 672-5399 
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North, R. Alan. Molecular Physiology of P2X Receptors. Physiol Rev 82: 1013-1067, 2002; 10.1152/physrev.00015. 
2002. — P2X receptors are membrane ion channels that open in response to the binding of extracellular ATP. Seven 
genes in vertebrates encode P2X receptor subunits, which are 40-50% identical in amino acid sequence. Each subunit has 
two transmembrane domains, separated by an extracellular domain (-280 amino acids). Channels form as multimers of 
several subunits. Homomeric P2X„ P2X 2 , P2X 3 , P2X At P2X^, and P2X 7 channels and heteromeric FZX^ and P2X l/5 
channels have been most fully characterized following heterologous expression. Some agonists (e.g., a/3-methylene ATP) 
and antagonists [e.g., 2',3'-0-(2,4,6-tiinitrophenyl)-ATP] are strongly selective for receptors containing ?2Xi and P2X n 
subunits. All P2X receptors are permeable to small monovalent cations; some have significant calcium or anion 
permeability. In many cells, activation of homomeric P2X 7 receptors induces a permeability increase to larger organic 
cations including some fluorescent dyes and also signals to the cytoskeleton; these changes probably involve additional 
interacting proteins. P2X receptors are abundantly distributed, and functional responses are seen in neurons, glia, 
epithelia, endothelia, bone, muscle, and hemopoietic tissues. The molecular composition of native receptors is becoming 
understood, and some cells express more than one type of P2X receptor. On smooth muscles, P2X receptors respond to 
ATP released from sympathetic motor nerves (e.g., in ejaculation). On sensory nerves, they are involved in the initiation 
of afferent signals in several viscera (e.g., bladder, intestine) and play a key role in sensing tissue-damaging and 
inflaniinatory stimuli. Paracrine roles for ATP signaling through P2X receptors are likely in neurohypophysis, ducted 
glands, airway epithelia, kidney, bone, and hemopoietic tissues. In the last case, P2X 7 receptor activation stimulates 
cytokine release by engaging intracellular signaling pathways. 
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I. INTRODUCTION 

ATP is present outside cells. Many cell types release 
ATP, and the mechanisms and physiological circum- 
stances range from relatively well understood to quite 
controversial (see Refs. 51, 135, 161, 191, 407, 485). Ex- 
tracellular ATP acts on cell surface receptors of the P2X 
and P2Y types (53, 347); it may be involved in phosphor- 
ylation reactions through ectokinases (110), and it is rap- 
idly degraded by a series of cell surface enzymes to ADP, 
AMP, and adenosine (523), the last of which is taken back 
into cells by a specific transporter (9). 

The first cDNAs encoding P2X receptor subunits 
were isolated in 1994. Their expression in heterologous 
cells substantiated the view that P2X receptors were ion 
channels gated by ATP. This review deals first with the 
molecular properties of the P2X receptors when heterolo- 
gously expressed and is organized into sections according 
to the identified subunits. The second part of the review 
deals with the functional properties of P2X receptors 
expressed in native cells, reporting studies to establish 
their molecular identity and physiological role. The em- 
phasis here is on work that most directly addresses the 
molecular characterization of the receptors; ideally, such 
studies would use the approaches of i) gene knock-out, 
2) antisense knock-down, 3) biophysical methods such as 
the kinetics of the responses or the permeation properties 
of the channel, and 4) quantitative pharmacological stud- 
ies with a range of agonists and antagonists. Although the 
era of the molecular physiology of P2X receptors began 
with the cloning of the cDNAs, there was already a sub- 
stantial and highly credible body of work that showed the 
importance of signaling by extracellular nucleotides in 
many tissue and organ systems. This has been extensively 
reviewed previously (1, 50, 53, 376). 

II. THE P2X RECEPTOR GENE FAMILY 

There are seven genes for P2X receptor subunits. 
Their. chromosomal locations are summarized in Table 1. 
P2X 4 and P2X 7 subunit genes are located close to the tip 
of the long arm of chromosome 12 (12q24.31), where 230 
kb of genomic DNA contain also the gene for calmoldulin- 
dependent kinase type II. On the basis of radiation hybrid 
mapping, they were judged to be <130 kb apart (46). In 
fact, the genes are ac^jacent in the genomes of humans 
(23,492 bp separating) and mice (26,464 bp separating; 
chromosome 5). This presumably reflects gene duplica- 
tion, and P2X 4 and P2X 7 subunits are among the most 
closely related pairs in amino acid sequences (Figs. 1 and 
2). P2Xj and P2Xg genes are also very close together (and 
close to the gene encoding the vanilloid receptor VR1) on 
the short arm of chromosome 13 (Table 1). The remaining 
genes are on different chromosomes (Table 1). 



table 1. Chromosomal localization of human 
P2X receptors 



Subunit 


Chromosome 


Accession Nos. 


Reference Nos. 


P2X! 


17pl3.2 


X83688 


472 


P2Xo 




AF190826 


292 


P2X 3 


llql2 


Y07683 


• .147 


P2X 4 


12q24.31 


Y07684 


\ 145 


P2X 5 


17pl3.3 


AF016709 


.271 


P2X 0 


22qll 


AB002059 


471 


P2X 7 


12q24.31 


Y09561 


380 



Accession numbers and references are those for the original submis- 
sion of cDNA sequences. Chromosomal localizations are from human ge- 
nome databases (http://www.sanger.ac.uk and Ref. 475). P2Xa. chromo- 
somal location is not yet determined. The mouse gene is* located on 
chromosome 5, in a region that is syntenic with the ext reme end of the long 
arm of human chromosome 12 (some 6 MB from the P2X,, and P2X 7 genes). 



The genes vary considerably in size (e.g., mP2X 3 : 40 
kb, Ref. 434; hP2X 6 : 12 kb, Ref. 471). The full-length forms 
have 11-13 exons, and all share a common structure, with 
well-conserved intron/exon boundaries (Fig. 1). Many 
spliced forms of the receptor subunits (or fragments 
thereof) have been described (Table 2); the majority of 
these represent simple forms in which one or more exons 
have been spliced out, although some have altered exons 
through the use of alternative donor/acceptor sites. Sev- 
eral full-length nonmammalian vertebrate sequences are 
available (Fig. 2). There are no reports of homologous 
sequences from invertebrate species, although there is 
considerable functional evidence that extracellular ATP 
and other nucleotides can directly gate ion channels in 
invertebrates including protists (8, 71, 241, 372). 

III. THE P2X RECEPTOR PROTEIN FAMILY 

A. Amino Acid Sequence 

The P2X subunit proteins are 384 (cP2X 4 ) to 595 
(P2X 7 ) amino acids long. Each has two hydrophobic re- 
gions of sufficient length to cross the plasma membrane 
(37, 346, 472) (Fig. 1); the first of these extends 'from 
residue 30 to 50, and the second from residue 330 to 353 
(numbers refer to the rat P2X 2 receptor). These hydro- 
phobic regions are separated by the bulk of the polypep- 
tide; considerable evidence presented below indicates 
that much, perhaps all, of this lies on the extracellular 
aspect of the membrane. The NH 2 and COOH termini are 
therefore presumed to be cytoplasmic. The COOH-termi- 
nal regions diverge in sequence considerably. Considering 
the region of the protein which includes the two trans- 
membrane domains and the intervening extracellular do- 
main (i.e., amino acids 30-353 of P2X 2 ), the proteins are 
from 40 to 55% pairwise identical (Table 3). The P2X 4 
sequence is most closely related to more of the other 
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P2X1 
P2X2 
P2X3 
P2X4 
P2X5 
P2X6 
P2X7 

P2X1 
P2X2 
P2X3 
P2X4 
P2X5 
P2X6 
P2X7 

P2X1 
P2X2 
P2X3 
P2X4 
P2X5 
P2X6 
P2X7 

P2X1 
P2X2 
P2X3 
P2X4 
P2X5 
P2X6 
P2X7 

P2X1 
P2X2 
P2X3 
P2X4 
P2X5 
P2X6 
P2X7 

P2X1 
P2X2 
P2X3 
P2X4 
P2X5 
P2X6 
P2X7 

P2X1 
P2X2 
P2X3 
P2X4 
P2X5 
P2X6 
P2X7 



i — ► Ex on 2 

MARRLQDELSA-FFFEraDjOjPRMVLVRNKKV'qvIFRLIQLVVLVjYjVIGWVFVyi 
MVRRLARGCWS-AFWD|^TOKVIVVRNRRLqFVHRMVQLLILLWVWYVFIVC 



MGQAAWKGFV-LSLFD YKljAKFVVAKSKKV 
MASAVAAALVSWGFLDYKTjEKYVMTRNCWV 
MPACCSWN DVFOJYjEigNKVTRIQSVNY 



MNC I S-DFFT YETJTKSVVVKSWTIGI INRAVQLLI I S tfFVGWVFLH 

MAGCCS VLG-S-FLFE Y DEPRIVLIRSRKVGLMNRAVQLLILA YjVIGWVFVW 



iLLYRVLQLI ILL YjLLIWVFLII 
jlSQRLLQLGVVV YjVIGWALLA* 
'IKWILHMTVFSYjVS- 



D-LISSVSVj^liRSLAVT- 
TGPESSIITKVKG ITMS- 



TAIESS VVTKVKG FGRY ANR 



S-VVSSVTTKAKG 



TSLQSA VVTKV KG VAYTNTTMLGER- 
MDPQISVITKLKqVSVTQVKELEKR- 
P-LISSVHTKV 



FALMS 
► Exon 3 

QLQGLG-PQ Vt^QVADY VF|Sah'GDSSF VVI^NFI VTPQ 

EDK VWIcivEEYVKjPi 

SDYVT! 



TSS 


59 


DSE 


59 


VRD 


53 


ETD 


58 


DID 


5 9 


EWD 


60 


RKE 


55 



VAVT — NTSQLG-FR IWDVADYVIP AQEENSLFIMTNMI VTVN 



KG VAEVTENVTEGGVTKLVHGIF DTADYTL 



PPQGTSVFVI IT 



PEGGSVVSIITRIEVTPS 



|VADFVIF SQGENVFFVV3 



ADFVR.FSQGENVFFLVINFLVTPA 



i — ►Exon 4 

JTQG HjgA.! NPE -GG - igQD 
jTLGTgPjE SMRVHSSTgHS 
iMQGFgHENEEKYR--gVSD|SQl- 
JTQSTGPjE IPDKTS-IgNSqADf T 
jRQGllA^EREGIPDGEgSEDDDEH 
I V Q G RG HE H P S V P L ANCj W A " ' " 
3EQKLgp|iYPSRGK-QtEHS 



JgLQG-NSFFVM|TjNYLKSEG 



KMIVTEN 



NLIVTPN 



]ed§pe! 

jQGll 



^SiFGfwlrjv 
mejvsa'wSrv 



i — ►Exon 6 

eIvddkipspallre 

E DG-TSDNHFLGKh 
EVD-TVEMPIM-MS 

endvgvptpaflka 
etk-smptdpllki 
ess-avprkpllac 

gEGKEAPRPALLRS 

yFNLSYVVRES0QDjf 
IFRLGJFIVEKAjG EnF 
ILRVGDVVKFA.'GQqF 
IFRLGTIVGDAfc HSF QEF, 
rrjlFRldsiVRWWGAnFQDI. 
FjvFRIGjDLVAMTCGDFEDL 
B I F RI4SD I F QE ilQE K^F 

Exon 9 



□LFI 

SiliknIsihypkfkfsk 
[Jifikmsirfplfnfek 
jlvkmniwypkfnfsk 
Iisikmfirfpkfnfsk 

jFIKN|TVTFNKFNFSR 

;liikJnidfpghnytt 
- Exon 8 



LSPjGlFTNFJ 
ASSGYNFI 
VSPjG Y NFF 
VSPjG YNFf 
ISSGYNFF 
— RGYjNFI 
LFPjaYlNF? 

zxon 




rj — •►Exon 5 

KAERKAdSlRf^NgVP-FNGTVK 
[GjQLDMQGmG IRTGHg VPYYHGDSK 
PERFPGdGI]JTdRlGVN-YSSVLR-|TlE|lQdW^^T 
SVDTHSSGViJTdRlvP-FNESVK~TgElvAA|wI^V 
ESVVAGHGLKTdRgLR-VGNSTRGTl'' 
EMGTYSHG IKTGQ^VA-FNGTHR- 
jwMDPQSKldl dTd R^IP-YDQKRK 

► Exon 7 

|SISFPRFKVNR'R[^LVEEVNGTYMKKlLYHKIQHPLg 
IASQKSD-YLKHgTFDQDSDPYg 

llpnltdkdikr1rfhpekapf| 

ILPNITTSYLKS|lYNAQTDPFS 



vletdnkhflkt|hfsstn-lyS 
^aldtwdntyfkyplydslsspys 

JILPGMNIS gTFHKTWNPQg 



|rfficjWHVRHgKfpjl|Y 
N^qLELSESEgNPKY^F 
V<2 DlLD KAWDQgl PK Y 
fflDgML DRAAS iMh HR Y 
DSqLDKAASKgNPHY 
MDGMLDTKGSDgSPQY 

DlwLdswsHRedplwY 




^RHFVQ-NGTNR 
^KYYKINGTTTT 



K YYKMENGSEYRjH,! MAFG IRF uVIiviYGN 



VKYYRDLAGKEQRjl|l|T 
^RYYRDPNGVEF 
^NYWWAASGVESjFjSlljL 
PYYKE-NGME 



DjlL 



IRIKVI^HGQ^GKF 



DG 




AYG IRFql I wFGKAjGKF 
AYG IRFDwI VjNGKAjGKRS I 
LYGIRFqil^TGQA'GKFALI 
AFldvRFIuIlJ\flFGT GGKFt DI 



S[|jRF 
xon 10 



•-YGEKN 
D--PKYDP 
DGVSEKSS 
DTRDLEHN 
DNKHTHS- 
Q E 

DDKYTNES 



IPTMTTIGSGIGIFK 
SLjlPTIINLATALTSI[< 
IPTIISSVAAFTS\ 
IPTMINVGSGLALI 
IPTVINIGSGLAL^ 
PTAITVGTGAAWI 
HQLVVYIGSTLSYI 




LLLLH 

ILLT , 

IILLN 

VIVLY 

LVLIY 

LLLLY 

liintyastccrsrvypsckccepcavneyWyr 



- ILPKRH Y YKGRKFK YAEDMGPGEGEHDPV 
FMNKNKL Y SHKHFDKVRTPKHPSSRWPVTL 
FLKGADH Y KARKFEEVTETTLKGTASTNPV 
-CMKKKY Y YRD.HKYKYVEDYEQGLSGEMNQ 
LIRKSEFYRDKKFEKVRGQKEDANVEVEAN 
VDREAGFjYjWRliKYEEARAPKATTNSA 3 7 9 
SCEPIVEPKPTLKYVSFVD 



111 
107 
101 
110 
112 
113 
113 

167 

166 

155 

167 

171* 

171 

170 

227 
224 
209 
227 
229 
230 
226 

284, 

282 

269 

287 

288 

283 

286 

343 

342 

329 

347 

348 

341. 

345 

384 
384 
371 
389 
390 

405 



P2X1 ATSSTLGLQENMRTS 399 

P2X2 ALVLGQIPPPPSHYSQDQPPSPPSGEGPTLGEGAELPLAVQSPRPCSISALTEQVVDTLG 444 

P2X3 FASDQATVEKQSTDSGAYSIGH 393 

P2X5 EMEQERPEDEPLERVRQDEQSQELAQSGRKQNSNCQVLLEPARFGLRENAI VNVKQSQIL 4 50 

P2X7 EPHIWMVDQQLLGKSLQDVKGQEVPRPQTDFLELSRLSLSLHHSPPIPGQPEEMQLLQIE 4 65 



P2X2 
P2X5 
P2X7 

P2X7 

P2X7 



QHMGQRPPVPEPSQQDSTSTDPKGLAQL 4 72 
HPVKT 455 

AVPRSRDSPDWCQCGNCLPSQLPENRRALEELCCRRKPGQCITTSELFSKIVLSREALQL 
LLLYQEPLLALEGEAINSKLRHCAYRSYATWRFVSQDMADFAILPSCCRWKIRKEFPKTQ 
GQYSGFKYPY 595 



525 
585 



fig. 1. P2X receptor subunits. Alignment of rat amino acid sequences is shown. Open boxes indicate conserved 
amino acids. Shading indicates conserved cysteines. Solid overlines indicate hydrophobic, membrane-spanning regions. 
Positions corresponding to the beginning of each exon are indicated. Sequences and gene structure are deduced from 
NCBI accession numbers P47824 (rP2X 1 ), 2020424A (rP2X 2 ), CAA62594 (rP2X 3 ), CAA61037 (rP2X 4 ), CAA63052 (rP2X 5 ), 
CAA63053 (rP2X„), and CAA65131 (rP2X 7 ). 
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fig 2. Dendrogram to show relatedness of 29 P2X 
receptor subunits. Full-length amino acid sequences were 
aligned with Clustal W using default parameters. The den- 
drogram was constructed with Tree View, h, Human 
(Homo sapiens)] r, rat (Rattus nmvegicus); m, mouse 
(Mus musculusy, gp, guinea pig (Cavia porceUus)\ c, 
chicken (Galhis galiiis)\ zf, zebrafish (Danio rcrw)\ bf, 
bullfrog (Rana catesbeiuna); x, claw-toed frog (Xenopus 
taeuis); f, fugu (Takifugu rubripes). The ellipses indicate 
the apparent clustering by relatedness into subfamilies. 



zfP2X 3 



forms, and the P2X 7 sequence is least like the others; 
these observations are true whichever species are consid- 
ered (Table 3). 

The amino acid identity between P2X receptor sub- 
units is distributed throughout the extracellular domain, a 
striking feature of which is the conservation of 10 cys- 
teine residues among all known receptors (Fig. 1). These 
are not obviously conserved in blocks with respect to 
exonic structure; the first half of the domain contains six 
cysteines (exons 2, 4, and 5), and the four further cys- 
teines are in sequence encoded by exons 7 and 8. It is 
generally thought that such cysteines in an extracellular 
location would be oxidized and thus contribute to the 
tertiary structure of the protein by disulfide bond forma- 
tion; there is no direct evidence for this in the sense that 
treatment with reducing agents has no effect on channel 
function (74, 114, 379). The possible pattern of disulfide 
bond formation has been approached by systematic cys- 
teine to alanine substitutions. Clyne et al. (74) compared 
the effects of such substitutions (in the rat P2X 2 receptor) 
on sensitivity to ATP and potentiation by zinc and found 
that the results could be grouped according to residue. 
Ennion and Evans (114) carried out similar experiments 
for the human P2Xi receptor, but used a clever additional 
approach. This was to demonstrate that the receptor be- 
came accessible to labeling by MTSEA-biotin after a cys- 
teine to alanine mutation, presumably as a result of a free 
sulfhydryl becoming available. By adding a second cys- 
teine to alanine mutations, they were able in some cases 
to assign partners, although not all possibilities were 
tested. The results of these experiments are illustrated 
schematically in Figure 3. The finding by Ennion and 



Evans (114) that Cys-124, Cys-130, Cys-147, and Cys-158 
(rat P2X 2 numbering) were able to interact promiscuously 
might indicate that these residues are clustered, as would 
be expected for a metal ion binding site. However, the ion 
seems not to be zinc (see Ref. 74). 

There is no reported homology of sequence between 
P2X receptors and other proteins, although a similarity 
has been suggested to class II aminoacyl-tRNA syntheta- 
ses (138). This similarity is mostly between the predicted 
secondary structure of the second half of the extracellular 
domain (residues 170-330) and that known from X-ray 
crystallography of the synthetases, which form their cat- 
alytic site from a seven-stranded antiparallel j3-pleated 
sheet (92). It was stated that the first half of the extracel- 
lular domain (residues 110-170) may provide a metal ion 
binding site (138), but there is no evidence that the cys- 
teines are involved in this (74). 

B. Glycosylation and Membrane Topology 

All the P2X receptor subunits have consensus se- 
quences for AT-linked glycosylation (Asn-X-Sei/Thr), and 
some glycosylation is essential for trafficking to the cell 
surface. The P2X X subunit sequence has five such consen- 
sus sites, four of which are conserved among human, rat, 
and mouse sequences (asparagines 153, 184, 284, 300 in 
rat P2X X ). These four sites can all be glycosylated (341). 
The P2X 2 subunit has three such sites (asparagines 182, 
239, and 298 in rat P2X 2 ), and all are glycosylated in 
oocytes (340) and HEK293 cells (459). The consequences 
of removal (by tunicamycin) or prevention (by. mutagen- 
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table 2. Splice variants of P2X receptors 



Subunit 


Name 


Description 


Accession Nos. 


• 

Reference Nos. 


DOY 










Human 




Exon 10 missing 

Exon 6 missing first 17 aa 




i /y 

15b 


Kat 




Exon 6 missing 


AAr 7J925 


349a 




pp o 


Exons 1—6 missing (also 39 5 '-bases added) 


oDUoOU 














Human 


DOYOR 


Lxon 12 missing 201 bp 


A A I^l/IOCMQ 

AAU4Zt;4o 


000 




POYOP 


Exon 3 missing 


MP AC7J/VO 


OOO 




Dovon 


Insertion between exons 10 and 11 


A APIfll "70 

AAr lyl (6 


♦ ono 




DOVOU 

P2a2H 


Misses last 22 aa of exon 1, exon 2, and exon 3 


AAJ* 74ZUJ 






P2X2I 


Exons 2, 3, and 4 replaced by 42 aa 


a a t~i^ a nn 4 

AAF74204 




Kat 


DO YOK 

rZAZD 


Lxon 1Z missing Dp 


/>* A7i /inn 


At Q 

418 




P2X2c 


Exon 2 missing first 7 aa 


CAA71500 


418 




P9Y9H 


Exon 2 missing first 12 aa 


PA A71 cm 


41o 




DOYOn 

r^AZe 


Fragment, missing exon 12 








DOYOf 


Fragment, alternative exon 12 


A A r"?oooc 






DOYOrt 

r^Aisg 


Fragment, alternative exon 12 


A A P700C7 






DOVO o 


Exon 6 missing 


AAB94570 




Guinea pig 


P2X2- 1 


Exon 9 missing 


AAC08992 


361 




POYO 0 


Exons 9 and 10 missing 


a Amonno 


obi 




DOYO Q. 


27 aa inserted between exons 8 and 9 


a a PAonn/t 
AAOU0994 


Jbl 


P2X 3 










Rot 




IT 1 vAn Q mtcoinrt 

CiXon a missing 


AAU4 fool 




POY 










Mouse 


DOY A «8 


Exon 6 missing 


A A PflCCftO 


■ 

464 




DOY/IK*" 

r<2A4D 


Exon 6 missing 


A DOA7KA 


ARA 

404 




P2X4c 


Exon 10 missing 


CAB90751 


464 




P2X4d 


Exon 6 and exon 10 missing 


CAB90752 


.'. 464 


Human 




Exons 1 and 2 replaced by in-frame Hsp-90 homolog 


JC6543 


'. 96 


P2X r / 










Human 


P2X5a 


Exon 10 missing 


AAB08576 






P2X5b 


Exons 3 and 10 missing 


AAB08577 




P2X C 








Human 


P2XMN1 


Exon 1 missing 26 aa 




471 




P2XM-AL1 


Exon 1 missing 78 bp from 3 '-end 




471 




P2XM-AL2 


Exon 10 missing 




. 471 




P2XM-AL3 


Exons 10 and 11 missing 




471 



a These are identical. The designation P2X4a was applied by Simon et al. (418) to the full-length mP2X4 (CAB90749). b "Full-length" hP2X2 was 
called hP2X2A by Lynch et al. (292). Accession Nos. refer to NCBI protein database accession numbers. References are cited where, published; 
otherwise, there was direct deposit to Genbank. Spliced forms of the P2X 7 receptor have not been reported, aa, Amino acids. 



table 3. Paiiwise identity of P2X receptor subunits 
(considering the amino acid sequence of 
transmembrane regions and Large extracellular loop) 





P2X, 


P2X 2 


P2X 3 


P2X rl 


P2X 5 


P2Xo 


P2X 7 


P2X t 


100 


40.6 


47.9 


50.3 


44.7 


46.2 


45.1 




100 


40.5 


46.4 


50.6 


45.5 


46.8 


44.9 


P2X 2 




100 


51.1 


50.5 


46.9 


42.7 


41.0 




100 


51.1 


50.5 


46.9 


42.7 


41.0 


P2X 3 






100 


48.6 


49.3 


43.2 


44.7 








100 


49.2 


47.0 


41.4 


43.1 


P2X 4 








100 
100 


55.4 
53.5 


47.6 
47.3 


48.6 
49.8 


P2X R 










100 
100 


48.5 
49.2 


42.0 
42.0 


P2X« 












100 
100 


41.0 

39:2 


P2X 7 














100 
100 



In each cell, the upper number pertains to the human and the 
lower number to the rat sequences. 



esis) of glycosylation have been studied. Receptors in 
which any two of the three sites are glycosylated appear 
at the cell surface and are fully functional. Receptors in 
which only one site is glycosylated give barely detectable 
currents in response to ATP, and channels with no- sites 
glycosylated give no current. These double and triple 
mutant receptors are retained within the cell, as detected 
by immunohistochemistry of a COOH-terminal epitope 
tag (340), or immunoprecipitation of cell surface mem- 
brane protein labeled with sidfo-NHS-LC-biotin labeling 
(459). The other P2X receptor subunits also have consen- 
sus sequences for Af-linked glycosylation; these are well 
conserved in their positions among species variants but 
incompletely conserved among the receptors (P2X 3 , four 
sites; P2X4, six sites; P2X 5 , two sites; P2Xo:, three sites; 
P2X 7 , three sites). 

The membrane topology of the protein has also been 
addressed by determining the location of glycosylation 
sites; thus the studies on the P2X 2 receptor indicate that 
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fig. 3. Glycosylation, phosphorylation, and possible disulfide bond- 
ing of P2X 2 receptors. Solid circles (N) indicate the three sites that are 
glycosylated in the native P2X 2 receptor (data from Refs. 340, 459, 460). 
Open circles (T, S) indicate the positions of Thr-18 (threonine phosphor- 
ylated by protein kinase C: Ref 33) and Ser-431 (serine phosphorylated 
by protein kinase A: Ref. 66). Open circles (C) indicate the 10 conserved 
cysteines. Alanine substitution and MTSEA-biotin labeling experiments 
indicate possible disulfide bond formation; data are from P2X, receptor 
(1 14) and from P2X 2 receptor (74). Open squares (H) indicate histidine 
residues involved in zinc (His- 120, His-213) and proton (His-319) binding 
(data from Ref. 74). 



asparagines 182, 239, and 298 are all localized to the 
extracellular domain (Fig. 3). Site-directed mutagenesis 
has been used to introduce new consensus sites into a 
background P2X 2 receptor in which the three natural sites 
have been removed (340, 459). These studies provide 
direct support for the proposed topology, with a large 
extracellular domain between the two membrane-span- 
ning regions. Further evidence that the NH 2 and COOH 
termini reside on the same side of the membrane comes 
from studies in which two cDNAs have been joined in 
tandem (340, 442, 460). Such constructs express fully 
functional channels, and point mutations in one or other 
of the concatenated domains indicate that both contrib- 
ute to the channel (340, 442). Finally, confocal immuno- 
fluorescence microscopy has been carried out on HEK293 
cells transfected with P2X 2 receptors carrying a FLAG 
epitope at the NH 2 or COOH terminus; in either case, the 
epitope was accessible to antibody only when the cells 
had been permeabilized (460). 

The P2X 7 sub unit has a much longer COOH terminus 
than the other subunits, and this contains an additional 



hydrophobic domain (residues 510-530) that is suffi- 
ciently long to cross the plasma membrane. There is no 
published definitive evidence that places the COOH ter- 
minus of this receptor inside or outside the cell, but 
membrane topology algorithms suggest an intracellular 
location. 



C. Multimerization 

Evidence for heteromultimeric receptors .has come 
from functional expression studies, whereas although 
these show that at least two different subunits. can con- 
tribute to the ion channel, they are inconclusive, with 
regard to the actual number of subunits. Three kinds of 
biochemical approaches have also been used. Schmalzing 
and colleagues (341) cross-linked P2X t and P2X 3 recep- 
tors, either in intact oocytes or after solubilization with 
digitonin. The receptors were NH 2 -terminally tagged with 
hexahistidine sequences and cross-linked either with 3,3'- 
dithiobis(sulfosuccinimidyl-propionate) or with bifunc- 
tional analogs of the antagonist pyridoxal-phosphate-6- 
azophenyl-2\4'-disulfonic acid (PPADS). One of these 
analogs (CLII) has a flexible spacer between the phenyl 
group so as to provide up to 3.4 nm between the two 
pyridoxal aldehyde moieties; it was able to cross-link 
digitonin-solubilized, purified P2Xi (or P2X 3 ) subunits al- 
most quantitatively to homotrimers, and this was reversed 
to monomers by dithionite, which cleaves the azo bonds 
of CLII. Cross-linking with CLII of octylglucoside-solubi- 
lized P2Xj receptors led to the appearance of hexamers 
and trimers, but not intermediate forms (341). ' 

In a second approach, blue native polyacrylamide gel 
electrophoresis was used to estimate the molecular mass 
of the P2X t receptor isolated under nondenaturing condi- 
tions from digitonin extracts of oocytes. These were al- 
most exclusively trimers, whereas parallel experiments 
on the muscle type nicotinic receptor (coexpression of a, 
j3, y, and 8 subunits) clearly resolved the expected pen- 
tameric structure. Generally consistent results have been 
reported for rat P2X 7 receptors (239). 

The third approach used the hexahistidine-tagged 
ectodomain of the rat P2X 2 receptor (residues Lys-53 to 
Lys-308). This was expressed in Escherichia coli, solubi- 
lized in urea, and purified by nickel-affinity chromatogra- 
phy (240). After sulfitolysis and refolding, the protein was 
photoaffinity labeled with [a- 32 P]ATP; the labeling was 
prevented by an excess of cold ATP and by surarpin (1 /ulM) 
and cibacron blue (10 /xM). The molecular size of the labeled 
protein was estimated by equilibrium sedimentatipn centrif- 
ugation as 132 kDa, which is about four times the calcinated 
size of the ectodomain (29 kDa). Obviously, one difficulty of 
this approach is knowing whether the ectodomain is cor- 
rectly refolded and whether the ectodomain alone can re- 
constitute the original ATP binding site. In fact, more recent 
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work by Egan, Voigt, and colleagues (461) indicates that 
residues critical for multimerization are in or near the 
second membrane-spanning segment (461), which was 
not present in the ectodomain experiments. 

Voigt, Egan, and colleagues (460, 462) have also de- 
termined which pairs of subunits are potentially able to 
coassemble. The approach was based on coimmunopre- 
cipitation of epitope-tagged subunits after expression in 
HEK293 cells (460, 462). Table 4 summarizes their results, 
which are also consistent with the findings of others with 
respect to the P2X2/P2X 3 (374), P2X4/P2XG (269), and 
P2X 1 /P2X 5 (270, 447, 463). Thus at one extreme P2X 7 
subunits will coassemble with no others (in this biochem- 
ical test); they are also the most distinct in sequence 
(Table 4). P2X 5 receptors will assemble with any others, 
except P2X 7 . 

In summary, the biochemical evidence that the pro- 
tein readily forms stable trimers and hexamers is sugges- 
tive that the intact receptor assembles from three or six 
subunits in heterologous expression systems. However, 
there are two types of caveat. First, similar approaches 
resulted in similar conclusions for the large-conductance 
mechanosensitive channel (mscL) of E. coli (27); this is a 
channel in which the subunits have a similar transmem- 
brane topology to that proposed for P2X subunits. Elec- 
tron microscopic images of two-dimensional crystals of 
reconstituted mscL channels were also interpreted as 
hexamers (396), but subsequent crystallization of the My- 
cobacterium tuberculosis mscL shows that this channel 
actually forms as a pentamer (59). Second, assembly in 
native cells may be influenced significantly by associated 
proteins that are not present in heterologous expression 
systems. 

IV. HETEROLOGOUS EXPRESSION 
OF CLONED RECEPTORS 

A. Homomeric V2X X Receptors 

A cDNA encoding the P2Xi receptor was isolated by 
direct expression in Xenopus oocytes, beginning with a 



table 4. Potential coassembly ofP2X receptor subunits 





P2X, 


P2X 2 


P2X a 


P2X, 


P2X 6 


P2Xo 


P2X 7 


P2X l 


+ 








+ 


+ 




P2X 2 




+ 


+ 




+ 


+ ' 




P2Xj . 






-f 




+ 






P2X 4 








+ 


+ 


+ 




P2X 6 










+ 


+ 




P2X fl 
















P2X 7 














+ 



P2X receptor subunits carrying either one of two epitope tag units 
were , expressed in pairs of HEK293 cells. +, Subunits immunoprecipi- 
taled with antibody to one epitope could be detected with an antibody 
to the second epitope. [Data from Torres et al. (462).] 



cDNA library made from rat vas deferens (472).'. The de- 
duced protein has 399 amino acids. It was noted by Valera 
et al. (472) that the database already contained a cDNA 
(RP-2) identical in sequence to part of the P2Xj receptor 
cDNA (Table 2); RP-2 cDNA was isolated by subtractive 
hybridization from thymocytes undergoing apoptosis 
(353). Human and mouse cDNAs have also be^n cloned 
and expressed (473). 

1. Agonists 

ATP-gated channels express well in oocytes and 
HEK293 cells after ir\jection or transfection with the P2X, 
subunit cDNA (121, 472, 495). Approximately equal cur- 
rents can be elicited by ATP or «/3-methyIene ATP 
(a/3meATP), each having an EC 50 close to 1 /xM (121, 472). 
2',3'-0-(benzoyl-4-benzoyl)-ATP (BzATP) is also an effec- 
tive agonist (25, 121); it is particularly potent when cal- 
cium flux is measured, with an EC 50 in the low nanomolar 
range (25). The human receptor was cloned from urinary 
bladder and is basically similar in properties to the rat 
receptor; both resemble closely the responses of smooth 
muscle cells of the vas deferens or bladder (122, 473). The 
most striking property of the P2Xj receptor is the mimicry 
of the agonist actions of ATP by a/3meATP, which distin- 
guishes P2X X and P2X 3 receptors from the other homo- 
meric forms. /SyMeATP is also useful in this respect; 
although it does cause maximal currents as large as those 
evoked by ATP, it activates P2X X receptors at concentra- 
tions (10 /xM) that are ~ 30-fold less than those needed to 
activate homomeric P2X 3 receptors (25, 121, 147 x 472). 

Ennion et al. (116) have mutated the positively 
charged residues in the human P2X X receptor, in an effort 
to determine which might contribute to the ATP binding 
site. They found that the lysines most sensitive to substi- 
tution by alanine or arginine were Lys-68 and Lys-70' (cor- 
responding to Lys-69 and Lys-71 in the rat P2X 2 se- 
quence); other positively charged residues closer to the 
COOH-terminal end of the extracellular loop may also be 
involved (particularly Lys-309) (116). Negatively charged 
residues have also been mutated to alanine (117). How- 
ever, even though these (Asp-86, Asp-89, Glu-119, Asp-129, 
Glu-160, Glu-168, Asp-170, Glu-183, Asp-262, Asp-264, Asp- 
316 P2X X numbering, see Fig. 1) are highly conserved 
among all P2X receptors, in no case did the substitution 
by alanine cause any significiant change in the sensitivity 
to ATP. 

The deletion of one leucine residue at the inner end 
of the second transmembrane domain results in. a recep- 
tor that does not express and a dominant negative phe- 
notype when the mutated form is coexpressed with wild- 
type P2Xj receptors (352); this mutation was made 
because it was detected in a 6 yr old with a bleeding 
diathesis that appeared to be due to deficient platelet 
aggregation, but cause and effect remain obscure. P2Xj 
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receptors are expressed by platelets (see sect. v/5). Fi- 
nally, a spliced form of the hP2X! receptor that lacks most 
of exon 6 (including the conserved glycosylation site Asn- 
184) has been found in platelets and megakaryocyte cell 
line (156). When expressed in fibroblasts and studied by 
calcium imaging, this receptor showed a much reduced 
sensitivity to ajSmeATP. 

2. Antagonists/blockers 

P2Xj receptors are blocked by suramin and PPADS 
(121), but there are now newer antagonists that are more 
P2Xi selective. MRS2220 (cyclic pyridoxine-a4,5-mono- 
phosphate-6-azo-phenyl«2\5'-disulfonate) blocks at —10 
IxM but has no effect on currents evoked at P2X 2 or P2X 4 
receptors (or human P2Y 2> human P2Y 4 , or rat P2Y 6 ) 
(210). The structures of the main antagonists are shown in 
Figure 4. Certain suramin analogs also exhibit a relatively 
high affinity for P2X X receptors: 8,8'-carbonylbis(imino- 
3, 1-phenylene carbonyUmino)bis(l,3,5-naphthalenetrisul- 
fonic acid) (NF023) blocks P2Xi receptors more effec- 
tively than P2X 2 , P2X 3 , and P2X 4 receptors (432), and 
8,8 '-carbonylbis(imino-4, 1-phenylene carbonylimino)bis- 
(1,3,5-naphthalenetrisulfonic acid) (NF279) blocks P2X A 
receptors in oocytes with an IC 50 of 50 nM (249). The 
PPADS analog pyridoxal-5'-phosphate-6-(2'-naphthylazo- 
6'-nitxo-4',8'-disulfonate) (PPNDS) blocks P2X! receptors 
with an IC 50 of ~- 10 nM (266). Another useful antagonist at 
P2X X receptors is 2 / ,3'-0-(2,4,6-trinitrophenyl)-ATP (TNP- 
ATP), which has an IC 50 of ~1 nM (483). Among the other 
receptors, only the P2X 3 homomers and P2X 2 /P2X 3 het- 
eromers are similarly sensitive. This action of TNP-ATP is 
shared by TNP-GTP, TNP-ADP, and TNP-AMP, but not by 
TNP-adenosine. Finally, di-inosine pentaphosphate (Ip5I) 
has been described as a selective antagonist at recombi- 
nant P2Xj receptors (242). 

Little information is available with respect to the 
regions of the receptor involved in antagonist binding. 
Ennion et al. (116) have determined the effects on 
suramin antagonism of mutating positively charged amino 
acids in the extracellular loop. In oocytes expressing 
human P2X 2 receptors, the block by suramin was slightly 
increased in receptors with K70R, K215R, and K309R 
substitutions and decreased in the case of R202A and 
R292A. 

3. Permeation properties 

The homomeric P2X X receptor is a cation-selective 
channel that shows little selectivity for sodium over po- 
tassium (122). It has a low permeability to larger organic 
cations such as Tris (PtaJPn* 0- 18) or AT-methyl-D-gluca- 
mine (P N mdc/^nu 0.04), at least when tested with brief 
agonist applications (see below). It has a relatively high 
permeability to calcium, as estimated from reversal po- 
tentials in bi-ionic conditions (Pc-JF^a 4 in 112 mM Ca, 



corrected for ionic activities) (122). Extracellular calcium 
has little or no inhibitory effect on P2Xj receptor cur- 
rents, and this is in marked contrast to the P2X 2 receptor 
(122). Extracellular acidification inhibits currents at P2X X 
receptors. There are only preliminary reports of the sin- 
gle-channel currents at P2Xj receptors; the unitary con- 
ductance was -18 pS (122, 472). 

4. Desensitizatioii/inactivation 

Desensitization means the decline in the current elic- 
ited by ATP during the continued presence of ATP. The 
time domain is important; in some P2X receptors this 
decline occurs in milliseconds (fast desensitization: P2X b 
P2X 3 ), and in others it occurs 100-1,000 times more 
slowly (slow desensitization: P2X 2 , P2X4). Figure 5 sum- 
marizes the fast and slow desensitization observed for the 
six P2X receptors that express as homomers in HEK293 
cells. 

P2Xj receptors undergo fast desensitization when the 
agonist application is continued for more than several 
hundred milliseconds (Fig. 5). The desensitization is not 
marked at lower concentrations (less than or equal to 
EC 50 ) but becomes prominent at concentrations above 1 
/xM. Recovery from desensitization is extremely slow; 
second and subsequent applications of ATP do not elicit 
as large currents as the first application, and such subse- 
quent applications must be made at long intervals (>15 
min) for reproducible responses to be obtained. '. . 

The consequences of desensitization can be pro- 
found with respect to the detection of functional effects 
of ATP. The human leukemia cells (HL60) and rat baso- 
philic leukemia cells (RBL) express P2Xj receptor mRNA 
and protein, but inward currents in response to extracel- 
lular ATP can only be observed after treating" the cells 
with apyrase (45). This surprising observation suggested 
that ATP was being continuously released from the cells 
(which was also shown directly by the luciferin-luciferase 
assay), and responses to exogenous ATP were , not ob- 
served because the receptor was desensitized. Treatment 
with apyrase allowed the receptors to recover from de- 
sensitization. In view of the increasing number of cell 
types shown to release ATP (see Refs. 135, 178, 407, 485), 
this is likely to be a considerable experimental problem in 
a wide range of tissues. 

The marked contrast in the kinetics of desensitiza- 
tion between P2X! and P2X 2 receptors prompted a series 
of experiments with chimeric constructs in an effort to 
map the domains involved (495). These experiments indi- 
cated that desensitization required two regions of the 
P2X : receptor; if either region was replaced by^the equiv- 
alent segment from the P2X 2 receptor, then desensitiza- 
tion no longer occurred. Each region is 34 amino acids 
long, comprising the transmembrane segment and the 
contiguous residues (—14) on its intracellular aspect. 
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fig. 4. Structural formulas for several antagonists used in the study of P2X receptors. 



These results suggest that closure of the channel during 
the continued presence of the agonist requires concerted 
conformational changes involving both transmembrane 
segments. 

Mutations of positively charged residues in the extra- 
cellular loop of the human P2Xj receptor can also have 
dramatic effects on desensitization. The substitution 
K68A produces a receptor in which desensitization is 
greatly slowed (~ 100-fold), and smaller effects were seen 



for R292K, K309A, and K309R. Activation of P2X recep- 
tors with these mutations also requires much higher con- 
centrations of ATP (see above). Parker (359) found that 
the rate of desensitization of wild-type P2X 2 receptors 
stably expressed in HEK293 cells slowed from ~60 ms to 
several seconds when the cells were passaged in culture; 
this change was not seen in M332I and T333S mutations, 
and it was reversed by cytochalasins B and D (5 /xM, 2-4 
h). The threonine residue at position 18 of the P2Xj 
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P2X^ P2X 2 P2X 3 P2X 4 P2X 5 P2X 7 




^ —J jl nA 

20 s 

nc 5. Fast (top) and slow (botto-ni) desensitization compared for homomeric rat P2X receptors. Note 10-fold 
difference in time scale. Fast desensitization is observed only with P2X, and P2X 3 : brief applications (2-s duration) of 
ATP (30 /xM, except 1 mM for P2X 7 ). Slow desensitization is observed for P2X 2 and P2X 4 : more prolonged applications 
(60-s duration) of ATP (30 julM, except 1 mM for P2X 7 ). HEK293 cells were transfected with 1 /uig/ml cDNA (each in 
pcDNA3.1) 48 h before these whole cell recordings were made! In all cases except P2X 7 , the response shown is that seen 
for the first application of ATP to that cell. For P2X 7 , one 2-min application of ATP had been made before the application 
shown. (Figure kindly provided by A. Surprenant.) 



receptor is completely conserved and lies in a protein 
kinase C consensus sequence. Ennion and Evans (115) 
showed that replacing this threonine by alanine resulted 
in a receptor that desensitized 10 times faster than the 
wild-type receptor, but there is no direct evidence that 
this change results from its inability to be phosphorylated. 
The residue lies within the domains identified by Werner 
et al. (495) as being responsible for the swap in desensi- 
tization among P2X 1} P2X 2 , and P2X 3 receptors. 

Adenoviral expression of a P2X! receptor-green flu- 
orescent protein (GFP) construct in vas deferens shows 
the receptor to be localized in clusters, with larger ones 
apposing nerve varicosities (105). Heterologous expres- 
sion in rat dissociated superior cervical ganglia presented 
a similar picture (284); these cells normally exhibit a 
nondesensitizing response to 1-s applications of ATP, so 
the time course of the appearance of the P2Xj subunit 
was followed functionally by the presence of a desensi- 
tizing current in response to a/3meATP. Exposure to 
t*/3meATP for —60 s resulted in a loss of GFP from the 
plasma membrane, with its appearance in acidic endo- 
somes (as judged by monensin sensitivity). Ennion and 
Evans (113) have made similar conclusions; they found 



that a 30-min treatment with a/3meATP (100 julM) -resulted 
in a 50% loss of biotinylated P2X t receptor on'. the cell 
surface. Even a 2-min treatment with a)3meATP (10 juM) 
was sufficient to cause a long-lasting inhibition of the 
contractile response. Cell surface receptors recovered 
within 10 min of terminating the agonist application, and 
the contractile response recovered more slowly. There- 
fore, sustained application of agonist to P2Xi receptors 
results in i) rapid (few milliseconds) channel opening, 
2) fast desensitization (t -300 ms), and 3) receptor inter- 
nalization (t —1-3 min). If the agonist application is 
tenninated, the receptors reappear at the cell surface 
(t ~ 10 min). 



B. Homomeric P2X 2 Receptors 

The rat P2X 2 receptor cDNA was isolated from a 
library constructed from NGF-differentiated PC 12 cells by 
testing pools for functional expression in Xmopus oo- 
cytes (37). The human receptor cDNA was amplified from 
pituitary gland (292). 
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1. Agonists 

The current elicited by ATP differs prominently from 
that observed at P2X! receptors in that the agonist action 
of ATP is not mimicked by aj3meATP. There are no ago- 
nists currently known that are selective for P2X 2 recep- 
torSi but certain effects of ions are useful. Thus P2X 2 
receptors are potentiated by protons (97, 244, 441, 500) 
and by low concentrations of zinc and copper (37, 500, 
511). Systematic mutation of cysteine and histidine resi- 
dues in the rat P2X 2 receptor has indicated that 2 of the 9 
histidines (His-120, His-213) but none of the 10 cysteines 
seem to contribute to the binding of zinc (74). In contrast, 
the potentiation by protons was much reduced by remov- 
ing a different histidine residue (His-319) (74). 

Homomeric P2X 2 receptors have been thoroughly 
studied at the single-channel level after expression in 
oocytes and HEK293 cells (Fig. 6) (97-99). Several models 
were fitted to the kinetics of the single channels, and the 
most likely (Fig. 6) had the following features: i) three 
molecules of ATP bind to the channel; 2) the binding 
steps are not independent, but positively cooperative; 3) 
two open states connect to a common ATP-independent 
closed state; 4) activation and inactivation proceed along 
the same pathway; and 4) channels only open when fully 
liganded. 

Efforts have been made to identify amino acid resi- 
dues that might contribute to the ATP binding site, On the 
basis that hydrogen bonding with polar or charged side 
chains were likely to be involved, such amino acids were 
mutated individually to alanine (217). A region was iden- 
tified proximal to the first transmembrane domain that 



contained two lysine residues that were critical for the 
action of ATP (Lys-69 and Lys-71); these correspond to 
the residues identified by Ennion et al. (116) in the P2X, 
receptor. Further analysis of this region showed that the 
attachment of negatively charged methanethiosulfonates 
to a cysteine introduced at Ile-67 resulted in a. parallel 
rightward shift in the ATP concentration-effect curve, 
consistent with a reduced affinity for ATP. Positive or 
uncharged methanethiosulfonates depressed the maximal 
responses to ATP, consistent with an impairment of the 
conformational changes leading from binding to channel 
opening. This inhibition by the methanethiosulfonates 
was prevented by preexposure to ATP, suggesting occlu- 
sion of the binding site (217). Taken together, these re- 
sults are consistent with Ile-67 being located close to the 
binding pocket for ATP. 

2. Antagonists/blockers 

There are no antagonists selective for P2X 2 recep- 
tors. The responses to brief applications of ATP are in- 
hibited by calcium ions, with an IC 50 of —5 mM (121), and 
it may be possible to take advantage of this to differenti- 
ate them from other forms. The divalent cations cause a 
fast (i.e., low affinity) block of single P2X 2 channels (98, 
99). The order of potency is Mn > Mg > Ca > Ba, which 
is the order of ionic radii. This suggests that the divalent 
ions are binding to a charged site within the channel (98). 
In the case of calcium, the concentration giving 50% block 
was 3.8 mM. These observations correlate well with those 
made by Nakazawa and Hess (326) for PC 12 cells. 1 
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fig. 6. Single-channel currents elicited by ATP in oo- 
cytes expressing P2X. 2 receptors. A, left: typical unitary 
currents in response to ATP (2 jxM; 1 mM magnesium, 1 
mM calcium) at the membrane potentials indicated. Right: 
current-voltage plot for unitary currents shows strong rec- 
tification; this was unchanged by removal of calcium and 
magnesium. Outside-out recordings from stably trans- 
fected HEK293 cell. B: kinetic scheme for gating of the 
P2X 2 receptor which best fits the single-channel records 
has three sequential ATP binding steps (C x toC 2J C 2 to C 3) 
and C 3 to C 4 ). [From Ding and Sachs- (97). Reproduced 
from Journal of Gen&vl Physiology, 1999, by copyright 
permission of The Rockefeller University Press.]. 
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3, Permeation properties 

a) single-channel recording. Single-channel recordings 
made on outside-out patches from HEK293 cells express- 
ing P2X 2 receptors have been described (97, 98). Open- 
ings were associated with an unusually large increase in 
current noise, suggestive of several open states inter- 
changing more rapidly than could be resolved. The max- 
imal probability of opening observed was 0.61; the EC 50 
for ATP was ~ 10 /uM, and the Hill coefficient was 2. 3. The 
unitary currents showed strong inward rectification and 
had a conductance of 30 pS at -100 mV (Fig. 6). Current 
flow through the channels was associated with excess 
current noise, which could not be accounted for by the 
flickery block of impermeant ions. The permeant ions are 
ordered in selectivity according to Eisenman's sequence 
IV (K' f > Rb ' > Cs" 1 > Na + > Li + ), and the channels 
were essentially impermeant to NMDG, Tris, and tetraethyl- 
ammonium (TEA). 

B) rectification. At the whole cell level, the currents 
induced by ATP also show strong inward rectification (37, 
122). This is very variable from cell to cell (oocytes or 
HEK293) cells, with occasional cells showing almost lin- 
ear current-voltage relations (122). The rectification re- 
sults in part from rectification in the unitary currents; 
unitary conductance falls from ~20 pS at - 120 mV to - 10 
pS at -50 mV. The mechanism of this rectification is not 
known; its persistence in divalent-free solutions indicates 
that it does not simply result from block of the perme- 
ation pathway by divalent cations (97, 98). Voltage-jump 
experiments indicate that there is an additional time- 
dependent component of inward rectification in the volt- 
age range of -100 to -40 mV; when the membrane is 
stepped to -100 mV, the new conductance is reached 
with a time constant of ~12 ms (522). 

O calcium permeability. P2X 2 receptors are permeable 
to calcium. P Q JP^ a is —2.5 in 5 mM external calcium; this 
is less than homomeric P2Xj (122) and P2X 4 (145) recep- 
tors but more than homomeric P2X a receptors (482). Un- 
fortunately, it is not straightforward to make an accurate 
measurement of the calcium permeability of the P2X 2 
receptor. The preferred experiment, in which calcium is 
the only extracellular cation, is difficult because of the 
block of the current that this causes. The alternative 
approach is to combine extracellular calcium with an- 
other extracellular cation that is impermeant. NMDG is 
commonly used, but this can be complicated by the time- 
dependent increase in permeability to NMDG that occurs 
in some cells transfected with P2X 2 receptors (see below). 

The calcium permeability has also been measured in 
receptors with mutations in the second membrane-span- 
ning domain (308). P c JPc s was reduced by about half 
when a hydrophobic residue (or tyrosine) replaced the 
polar side chains of Thr-336, Thr-339, and Ser-340. In 
general, the larger the volume of the side chain at Thr-339 



or Ser-340, the smaller wasP Ca /P Cs ; more significantly, the 
introduction of fixed negativity at this position (T339E) 
greatly increased the relative permeability to calcium. 
These findings are consistent with the model proposed on 
the basis of methanethiosulfonate accessibility, that resi- 
dues in the region Thr-336 through Ser-340 are located in 
a narrow region of the permeation pathway (379). ' 

D) cysteine substitution. Amino acid residues that might 
contribute to the permeation path have been identified by 
the substituted cysteine accessibility method. Rassendren 
et al. (379) used three methanethiosulfonates to probe the 
region from Val-316 to Thr-354 in the rat P2X 2 receptor. 
They found that application of methanethiosulfonates in- 
hibited the currents evoked by ATP in the cases of I328C, 
N333C, T336C, and D349C and augmented the current for 
S340C and G342C. In the case of L338C and D349C,- only 
the small positively charged methanethiosulfonate [ethyl- 
ammonium-methanethiosulfonate (MTSEA)] was effec- 
tive; for D349C (but not L338C), this block required chan- 
nel opening. Because MTSEA can permeate the open 
channel, it was suggested that Asp-349 lies on the internal 
side of the channel "gate." For the other three positions 
(I328C, N333C, and T336C), inhibition occurred with 
methanethiosulfonates that were negatively charged [sul- 
fonate thyl-methanethiosulfonate (MTSES)] or positively 
charged [ethyltrimethylammonium-methanetliiosulfonate 
(MTSET)]. It was concluded that these residues, lay out- 
side the membrane electric field. On the other hand, the 
development of block by methanethiosulfonates at T336C 
introduced new rectification into the channel, which sug- 
gests that it might lie in the permeation path; These 
authors drew attention to the difficulties in using MTSEA, 
which gave much more variable results that MTSES and 
MTSET. Substitutions at Ile-328, Asn-333, and Thr-336 
(with Ala, Gly, Asn, Asp, Glu, Lys, Ser, and Gin)' also 
increase the dilation of the channel; all cells expressing 
N333A show a large increase in NMDG permeability and 
YO-PRO-1 uptake (481). The results of the substituted 
cysteine accessibility experiments are summarized sche- 
matically in Figure 7. 

Egan et al. (109) carried out similar experiments, 
using ionic silver and MTSEA as the probes for reactive 
cysteines. Results with silver were complicated by a po- 
tentiation of currents at the wild-type receptor, presum- 
ably acting in a manner similar to zinc (see above); how- 
ever, irreversible inhibition of the ATP-induced. currents 
was observed for many mutants, including I328C, N333C, 
and T336C. In their study, S340C and D349C failed to 
express, and G342C showed irreversible potentiation. As 
in the experiments of Rassendren et al. (379), MTSEA (1 
mM) produced variable inhibition; however, the most 
marked inhibitions (-40-50%) were seen with I328C, 
L334C, L338C, and T339C. Although T336C gave almost 
100% inhibition by MTSET and MTSEA in the studies of 
Rassendren et al. (379), this mutant was unaffected by 
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no. 7. Schematic summary of cysteine substitution studies on rat 
P2X 2 receptor. Two segments of the P2X 2 receptor are depicted; Asp-15 
to Lys-71 includes the first transmembrane domain, and Val-316 to 
Thr-354 includes the second transmembrane domain. The representa- 
tion of the membrane-spanning segments as a-helices is hypothetical 
and suggested only by secondary structure prediction algorithms. Each 
amino acid shown has been individually mutated to cysteine. Mutated 
receptors were expressed in HEK293 cells, and currents were elicited by 
ATP. Outline letters (Tyr-16, Arg-34, Tyr-43, Gln-56, Lys-71) indicate 
those positions where no functional channels were expressed. Solid 
gray circles indicate those positions where a methanethiosulfonate in- 
hibited the current (including membrane-permeable methanethiosulfon- 
ates). The line between Val-48 and Ile-328 indicates the disulfide bond 
that forms when both residues are substituted by cysteine; these resi- 
dues are not necessarily provided by the same subunit. [Data from 
Rassendren et al. (379), Jiang et al. (216), and Jiang et al. (217).] 



MTSEA in the work of Egan et al. (109). The reasons for 
the differences at T336C are not completely obvious. 
Rassendren et al. (379) found that T336C reacted about 
five times more slowly to MTSEA than did I328C; it is 
possible that the short applications used by Egan et al. 
(109) were insufficient to observe inhibition with MTSEA, 
an interpretation consistent with their observation of 
rapid, substantial, and irreversible inhibition of T336C by 
silver. I328C and D349C were strongly inhibited by 
MTSEA in both studies, and Rassendren et ai. (379) 
showed that MTSEA attachment had the fastest on rate at 
these positions. In the case of D349C, Egan et al. (109) 
observed inhibition only after coexpression with wild- 
type subunit, because ATP did not elicit currents at 
D349C mutants when expressed alone. 



Coexpression in oocytes of wild-type channels with 
channels incorporating the T336C mutation indicates that 
the inhibition by MTSET is not a dominant phenotype. 
When the ratio of the wild-type to mutant subunits was 
systematically altered (by changing the ratio of the DNA 
or RNA injected), it was found that the degree, of inhibi- 
tion by MTSET depended simply on the fraction of mutant 
subunit expressed (442). In other words, if a channel is 
formed by three subunits, the attachment of MTSET to a 
single subunit causes only -33% inhibition of the current. 
Concatenated cDNAs (up to 4 joined in series) encoding 
P2X 2 subunits have been made in which the T336C muta- 
tion was introduced into each one (or more) of the sub- 
units (442). The inhibition by MTSET was proportional to 
the number of subunits in the construct that contained the 
T336C mutation (for dimers and trimers), consistent with 
a channel in which Thr-336 occupies a position near the 
external vestibule. When the construct was lengthened to 
four subunits, it was found that the inhibition by MTSET 
became dependent on the position in the order of four 
subunits at which the Thr-336C mutation was introduced. 
T336C in the fourth position gave little or no inhibition, 
suggesting that the fourth subunit did not contribute to 
channel formation. These experiments are therefore con- 
sistent with the biochemical studies described in section 
mC and suggest that a threefold assembly of subunits is a 
key contributor to the functional channel. 

Cysteines have also been introduced individually into 
positions before, through, and after the first transmem- 
brane domain (Gly-30 to Val-51); their accessibility was 
tested with a range of methanethiosulfonates (216). Intro- 
duction of cysteine at some positions, where the amino 
acid is highly conserved among all P2X receptors, led to 
nonfunctional channels; these were Tyr-16, Arg-34, Tyr- 
42, Tyr-55, and Gln-56 (see also Ref. 173). The methyl 
methanethiosulfonate (MTSM), which is small and un- 
charged, inhibited the currents (>60%) for the. mutants 
D15C, P19C, V23C, V24C, G30C, Q37C, F44C, arid V48C. 
The last four of these would be exposed along the same 
face of a helix (Fig. 7), but it is unlikely that they contrib- 
ute directly to the lining of the aqueous pore. First, they 
are predominately large nonpolar residues and, second, 
the action of MTSM was mimicked by charged .methane- 
thiosulfonates only in the case of Val-48. Val-48 is located 
at the outer edge of the first transmembrane domain (Fig. 
1). However, the inhibition by MTSM (and MTSES and 
MTSET) in the case of at V48C was greater when the 
channel was opened by ATP application than when it was 
not. This suggests that channel opening involves the 
movement of Val-48 into a position where it reacts more 
readily with methanethiosulfonates. Consistent with this 
interpretation was the direct demonstration that ATP 
does not open the channel in which the V48C mutation is 
combined with I328C, but ATP becomes effective after 
treatment with a reducing agent. This indicates that a 
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disulfide bond can form between these two residues and 
shows that a separation of these residues is an essential 
component of channel opening (216); the studies do not 
indicate whether the two cysteines (Y48C and I328C) are 
on the same or different subunits. A further surprising 
finding of this study was that the point mutation F44C 
appeared to move the channel conformation in favor of 
the open state(s). ATP was more effective (EC 50 changed 
from 10 to <1 ijM), a|3meATP became an effective ago- 
nist (EC 50 changed from >300 fxM to 10 yM) f and the 
whole cell current declined more slowly on wash out of 
agonist. Phe-44 would be positioned one turn of a helix 
from Val-48 (Fig. 7), so the results are consistent with 
(outward) movement of this part of the molecule being a 
critical component of channel opening. 

Silver has also been used as probe of cysteines in the 
first transmembrane domain (173). These experiments are 
again difficult to interpret because 2) the short duration of 
application (<10 s) may not be sufficient for thiolation to 
proceed to steady state with 500 nM silver, and 2) silver 
itself caused a transient potentiation of the current even 
in wild-type cells. Overall, these experiments also fail to 
provide evidence that any of the positions in this region 
are exposed to the aqueous ion conducting pathway, al- 
though reaction with cysteines at the ends of the trans- 
membrane domain (H33C and I50C) significantly but in- 
completely (40-50%) reduced the currents evoked by 
ATP, Silver modification of K53C and S54C, which are 
located just outside the first transmembrane domain, re- 
duced the peak current evoked by ATP by -50% without 
change in the EC 50 . 



E) permeability increase with time. In some cells express- 
ing P2X 2 receptors, the permeation pathway of the P2X 2 
receptor appears to dilate during agonist applications 
lasting for several seconds (HEK293 cells, Refs. 481, 480; 
oocytes, Ref. 229). This is evidenced by a progressive 
increase in the permeability to large organic cations, in- 
cluding NMDG, Tris, and TEA (Figs. 8 and 9). Measured 
under bi-ionic conditions in mammalian cells, the perme- 
ability to NMDG is initially very low (<5% that of sodium), 
but this increases (exponentially with time constant 7 s) 
until NMDG is -50% as permeable as sodium (480, 481). 

The concentrations of ATP that elicit the permeabil- 
ity increase are similar to those required to activate the 
initial current, and the forward rate into the increased 
permeability state is linearly related to the ATP concen- 
tration {k x = 3 x 10 3 MT^s" 1 ). In contrast, the apparent 
first-order rate constant for opening of the NMDG-imper- 
meable channel under similar whole cell recording con- 
ditions is about three orders of magnitude faster (R. J. 
Evans and R. A. North, unpublished observations), which 
is about the same as the estimates from single-channel 
kinetics (97; see Fig. 6; k l2 = 3; k^ = 20, k- M = 24 
/uM^-s" 1 ). The permeability increase in hornomeric 
P2X 2 receptors was enhanced by some mutations' thought 
to be in the pore-forming region on the basis of cysteine- 
scanning mutagenesis (e.g., N333A; Ref. 481). 

One difficulty in interpreting the dilation experiments 
is that they are necessarily carried out in sodium-free 
external solutions, and this itself could be responsible for 
the behavior. Evidence against this interpretation was 
provided by studies carried out in physiological solutions, 
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in which case the dilatation was followed by the entry of 
a trace amount (1 /wM) of the fluorescent propidium dye 
YO-PRO-1. At 100 ixM ATP, the increase in YO-PRO-1 
fluorescence occurs exponentially with a time constant of 
~7 s, which is the same as the value obtained for the 
increase in NMDG permeability (480, 481). The dimen- 
sions of NMDG are somewhat smaller than those of YO- 
PRO-1 (480) (Fig. 8). This puts a lower limit on the size of 
the dilated channel; the upper limit is not known. It is 
known, however, that when the agonist is removed, the 
dilated channel reverts within 2 s to its closed state. The 
dilation of the channel is not observed in all cells (typi- 
cally —40% with transient transfection, 20% with stably 
transfected cells) (481); such variability suggests the pos- 
sibility that the behavior might result from the involve- 
ment of yet unidentified interacting proteins. 

4. Desensitization/inactivation 

With whole cell recording, currents at P2X 2 receptors 
decline little during agonist applications of a few seconds 
(37, 81) (Fig. 5). For this reason, the P2X 2 receptor is 
generally described as nondesensitizing, compared with 
the P2Xj and P2X 3 receptors. However, there is a progres- 
sive decline in the current that occurs during applications 
of several tens of seconds (slow desensitization; Fig. 5). 
This has been investigated in two respects: i) by mu- 
tagenesis and 2) by studies on its calcium dependence. 
Amino acid residues in the NH 2 terminus, the transmem- 
brane domains, and the COOH terminus can influence this 
slow desensitization. 

In the NH 2 terminus, Thr-18 can be phosphorylated 
by protein kinase C (33). The mutants T18A or T18N show 
much accelerated slow desensitization; this is complete 
within 1-2 s, which is still considerably slower than the 
rate of fast desensitization observed for homomeric P2X X 
and P2X 3 receptors. A similar effect was observed with 
K20T, which removes the consensus site for protein ki- 
nase C phosphorylation while leaving the conserved thre- 
onine.unchanged. These results suggest that the wild-type 
channel is constitutively phosphorylated by protein ki- 
nase C, and when this does not occur, the channel exhib- 
its more rapid desensitization (33). However, it is not 
clear whether this explanation can be generalized among 
P2X. receptors. Threonine occupies the position corre- 
sponding to Thr-18 in all P2X receptors. P2X! receptors 
exhibit fast desensitization, and this becomes even faster 
for P2XJT18A] (115); however, P2X X receptor desensiti- 
zation is unaltered by phorbol esters (495). P2X 3 recep- 
tors with the corresponding mutation do not express 
functional currents (364). 

As for the COOH terminus, it is known that the splice 
variant of the rat P2X 2 receptor with a shortened COOH 
terminus (P2X 2b ; missing the 69 amino acids from Val-370 
to Gln-438 inclusive) shows a rather faster current decay 



(time constant -24 s) than the wild-type receptor (time 
constant -111 s) (rP2X 2a ) (40, 418, 421). This difference, 
some fourfold, is not seen for the human receptors (292). 
The additional amino acids found in P2X 2a compared with 
rP2X 2b begin with Val-370; the last hydrophobic acid of 
the second membrane-spanning domain is Leu-353. The 
rat P2X 2 receptor truncated so as to end at Val-370 desen- 
sitizes with intermediate time constant when expressed in 
oocytes (—60 s; Ref. 421). However, the valine is critical 
because the receptor truncated at Lys-369 desensitizes 
very much faster (<1 s). Smith et al. (421) identified other 
residues in the segment of the P2X receptor beginning 
with Val-370 (Val-Arg-Thr-Pro-Lys-His-Pro in P2X 2a ) as 
being important in desensitization. This is generally con- 
sistent with results from Koshimizu and colleagues (255- 
257) using whole cell calcium measurements as the assay 
for P2X receptor activation. They studied the changes in 
intracellular calcium elicited by ATP in GT1 cells express- 
ing P2X 2 receptors and found that positively charged 
residues in this segment played a role in determining the 
kinetics of desensitization. Zhou et al. (522) found that 
certain substitutions at Asp-349, near the inner border of 
the second transmembrane domain, can also accelerate 
desensitization. It has been suggested that its negatively 
charged side chain might interact with the positive 
charges following Val-370 to stabilize a long-lived-channel 
open state (256, 257, 522). One might equally speculate 
that an attached phosphate group at Thr-18 interacts with 
these positive charges. 

The role of Ser-431 has also been studied (66); this is 
situated within the region that is spliced out in the P2X 2b 
form. The residue is situated at a protein kinase A con- 
sensus site, and introduction of the catalytic subunit of 
protein kinase A into the cytoplasm of HEK293 cells 
expressing the P2X 2 receptor led to an inhibition of the 
ATP-evoked currents. The effect was not seen in the 
S431C receptor. The inhibition was associated with an 
increased rate of desensitization. In the experiments of 
Werner et al. (495) (see sect. wA4), chimeras were made 
between the P2X { and P2X 2 subunits. To make the P2X 2 
receptor desensitize as rapidly as the P2Xj receptor, it 
was necessary to provide it with both segments 14-47 
and 332-365 of the P2X t receptor. These sequences in- 
clude Thr-18 (in P2X X and P2X 2 ), but they do not include 
Lys-369 (P2X 2 , corresponds to Lys-370 in P2X X ). ' 

The calcium dependence of the decline in the current 
during the application of ATP was studied by Ding and 
Sachs (99). In whole cell recording mode, currents decline 
almost linearly with time; they reach half their initial 
amplitude in -2 min. This decline was not seen in cal- 
cium-free external solution. In outside-out patches; cur- 
rents at P2X 2 receptors decline much more rapidly than in 
whole cell configuration; with normal extracellular cal- 
cium (1 mM) this decline occurs within tens of millisec- 
onds (99, 521). This basic observation implies that the 
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decline of the current is prevented in the whole cell 
configuration because of the presence of some intracel- 
lular modulator, which is lost slowly in the whole cell 
recording but lost rapidly in outside-out patches (99). On 
the other hand, it is extracellular calcium that plays the 
key role in the decline of the current. Ding and Sachs (99) 
term this decline inactivation (i.e., inactivation by cal- 
cium) rather than desensitization (which may imply in- 
volvement of only the receptor protein and the ligand 
ATP). In the promotion of inactivation, calcium is better 
than magnesium, barium, and manganese (EC 50 values 
are respectively 1, 2, 3, and 5 mM). The maximum rate of 
decline of the ATP-induced current, observed with 2.5 mM 
calcium, is 40 s -1 (corresponding to a time constant of 25 
ms). The decline of the current (inactivation) is steeply 
dependent on the ATP concentration (EC 50 19 /xM, Hill 
coefficient 2.8), the calcium concentration (EC 50 1.3 mM, 
Hill coefficient 4.0), and membrane potential (inactivation 
was faster with hyperpolarization, changing e-fold for 26 
mV in potential) (99). 

In summary, extracellular divalent cations have (at 
least) two distinct actions on the homomeric P2X 2 recep- 
tor. First, they block the open channel; in this case the 
EC 50 for calcium is ~5 mM, the order of effectiveness is 
Mn > Mg > Ca > Ba, and the results fit well to a single 
binding site. Second, they reduce the probability of a 
channel being open; in this case they bind to the liganded 
channel, the EC 50 for calcium is about 1.3 mM, the order 
of effectiveness is Ca > Mg > Ba > Mn, and the results 
are best fit by the binding of four Ca ions. 

ATP currents increase in size with repeated applica- 
tions in the case of hippocampal neurons expressing het- 
erologous P2X 2 receptors. Khakh et al. (235) used Sindbis 
virus to infect neonatal hippocampal neurons in culture 
with a P2X 2 -GFP construct. The cells responded to ATP 
with currents typical of P2X 2 receptors in other expres- 
sion systems, but these currents doubled in amplitude 
when ATP was applied repetitively at 1 Hz. This increase 
was correlated with a redistribution of the receptor, as 
visualized by its GFP tag, over distances of several mi- 
crometers into varicose "hot spots." The redistribution 
was not seen with the T18A mutant receptor, suggesting 



that it might result from activity-dependent phosphoryla- 
tion by protein kinase C. 

5. Interaction with nicotinic acetylcholine receptors 

When oocytes are injected with RNAs encoding P2X 2 
receptors, and also the a 3 - and j8 4 -subunits of nicotinic 
receptors, they show responses to both ATP and acetyl- 
choline; these can be selectively antagonized with appro- 
priate receptor blockers (237). However, with concomi- 
tant application of both agonists, the resultant current is 
less than the expected sum of the two independent cur- 
rents. A similar observation had been made previously in 
several native cells (see sect. vE5). Such occlusion of the 
currents indicates an interaction between the two recep- 
tors. It was more marked when the channels were ex- 
pressed at high levels and was not seen in oocytes in- 
jected with lower amounts of RNAs. This might suggest 
the need to generate critical amounts of a signaling mol- 
ecule for the interaction to occur. 

C. Homomeric P2X 3 Receptors 

P2X 3 receptor subunit cDNAs were isolated from rat 
dorsal root ganglion cDNA libraries (60, 274), from a 
human heart cDNA library (147), and from a.zebrafish 
library (32, 108). 

1. Agonist actions 

The mimicry of ATP by ajSmeATP makes these re- 
ceptors similar to P2Xj and distinct from the other homo- 
meric forms. 2-Methylthio-ATP (2-MeSATP) is as potent 
as (274) or more potent than (60, 147) ATP at P2X 3 
receptors. Diadenosine pentaphosphate (Ap5A) is a full 
agonist, as measured by calcium fluxes in transfected 
1321N1 human astrocytoma cells (25). The actions of ATP 
are potentiated by zinc (rat P2X 3 : EC 50 -10 pM) (501) and 
cibacron blue (human P2X 3 : EC 50 3 fxM). Diadenosine 
triphosphate (Ap3A) is more potent than at P2X t recep- 
tors (499), whereas jSymeATP is strikingly less so (60, 
147). The zebrafish receptor is notably less sensitive to 
a/3meATP than the rat and human counterparts (32, 108). 



fig. 9. Time-dependent permeability increase in cells expressing P2X 2 and P2X 4 receptors. A: HEK293 cells expressing 
P2X 2 receptors {left) and serotonin (5-HTy) receptors (right). In each case, the only external cation was A^methyl-i>glucamine 
(NMDG); the internal solution was sodium. At -60 mV, the application of agonist elicits an outward current, reflecting the low 
permeability to NMDG. In the case of the P2X 2 receptor, the current turns inward within a few seconds, and this is 
accompanied by a positive shift in reversal potential (A, bottom panels). In the case of the 5-HT a receptor, the current declines 
(due to desensitization) but never becomes inward; the reversal potential does not change. B: nodose ganglion neurons show 
responses to ATP (100 /nM) and 5-HT (30 pM) that closely resemble those seen in transfected HEK293 cells. C: Xenopiis 
oocytes expressing wild-type P2X 4 receptors show a biphasic response to ATP (lejX). The initial transient current reflects 
current flow through a sodium-selective channel, and the later, larger, and more prolonged current reflects current flow 
through an NMDG-permeable channel (see Ref. 229). Mutation of a glycine residue in the second membrane-spanning domain 
selectively eliminates either the fast, sodium-selective current (G347R) or the sustained NMDG-permeable component 
(G347Y). [A and B modified from Virginio et al. (481); C modified from Khakh et al. (229).] 
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2. Antagonists/blockers 

The antagonists suramin, PPADS, and TNP-ATP do 
not readily distinguish between P2X : and P2X 3 receptors, 
but NFF023 is -20 times less effective at P2X 3 than P2X! 
receptors. Protons inhibit currents at rat P2X 3 receptors, 
with an EC 50 of -1 pM (jpK a 6). The P2X 3 receptor is 
remarkably insensitive to block by extracellular, calcium 
(EC 50 -90 mM) (482). 

3. Permeation properties 

Rat P2X 3 receptors are cation-selective channels 
(274). The relative permeability of calcium to sodium 
IPcJ p nJ is -1.2 (in 5 mM calcium, NMDG solu- 
tion) (482). 

4. Desensitization/inactivation 

At low concentrations (30-300 nM), ATP elicits cur- 
rents that are sustained for several seconds, but with 
higher concentrations the currents show prominent de- 
sensitization (Fig. 5). The desensitization occurs with a 
time constant of < 100 ms at concentrations of 30 (jlM ATP 
(274). As for P2X, receptors, recovery from this desensi- 
tization is very slow, and reproducible responses to ATP 
(or a/3meATP) can only be obtained when applications 
are separated by at least 15 min. 

Cook, McCleskey, and colleagues (82, 83) found that 
recovery from desensitization can be greatly accelerated 
by increasing the extracellular calcium concentration. 
The time constant for recovery was 7 min at 1 mM cal- 
cium and 3.5 min at 10 mM; gadolinium had a similar 
accelerating effect at 10 pM. This effect of calcium was 
related to the period of time for which the concentration 
was elevated and occurred whether or not the calcium 
concentration was increased at the same time that ATP 
was applied. Indeed, an elevation of calcium concentra- 
tion was effective to accelerate recovery from desensiti- 



zation even when it was applied several minutes before 
the next application of ATP. This suggests that calcium 
and gadolinium can bind to a desensitized form of the 
channel and accelerate its recovery into a nondesensi- 
tized, closed state. 

D. Heteromeric P2X2/3 Receptors 

In certain sensory neurons, sympathetic ganglion 
cells, and brain neurons, the action of ATP is mimicked by 
a/3meATP, but there is no desensitization in the. millisec- 
ond time scale (445). This type of response is mimicked 
by coexpression of P2X 2 and P2X 3 receptors (274). Direct 
association between the subunits has been shown by 
coimmunoprecipitation after expression in insect cells 
using baculo virus expression (374, 462). 

1. Agonists 

There are potential difficulties in interpreting the 
results of functional studies on cells expressing two or 
more subunits when each can make the homomeric chan- 
nels, because it must be assumed that the cell assembles 
the homomeric as well as heteromeric channels. The 
isolation of heteromeric channels is relatively straightfor- 
ward in the case of the P2X 2/3 heteromer because homo- 
meric P2X 2 receptors are not activated by a£meATP, and 
currents at homomeric P2X 3 receptors rapidly desensitize 
and rundown with repeated applications. Therefore, 
P2X2/3 heteromeric channels can be defined on the basis 
of a sustained current elicited by a/3meATP repeated at 
intervals of <5 min. P2X 2/3 heteromeric channels share 
some properties with homomeric P2X 2 receptors; they are 
potentiated by low pH, and they do not desensitize within 
the time course of a few seconds (Table 5). Ap5A has li ttle 
agonist action at either homomeric P2X 2 receptors or 
heteromeric P2X2/3 homomeric receptors, even though it 



table 5. Heteromeric P2X 2/3 receptors take some properties from the P2X 2 subunit and others 
from the P2X 3 subunit 





P2X 2 


P2X, 


P2X 2/:i 


Reference Nos. 




P2X 2 /s 


resembles homomeric P2X$ 






c*0-Methylene ATP (EC M ) 


>300 vM 




«*1 fiM 


• 274 


Ap5A (EC 50 ) 


Inactive 


«1 jLlM 


fiM 


287 


TNP-ATP (ICfio) 


>1 jxM 


-1 nM 


~3 nM 


483 


Zinc (100 jiM) 


Increase 1,300% 


Decrease 17% 


Increase 90% 


287 




P2X 2/3 


resembles homomeiic P2X £ 






ip5i ac G0 ) 


Inactive 


-3 fiM 


Inactive 


'287 


Desensitization (t) 


>10 s 


<100 ms 


>10s 


274 


Calcium block (IC r>0 ) 


«5 mM 


100 mM 


10 mM 


• 482 


Acidification (pH 6.3) 


Potentiate 


Inhibit 


Potentiate 


287, 442 



ApSA, diadenosine pentaphosphate; TNP-ATP, 2',3'-0-(2,4,6-trinitrophenyl>ATP; Ip5I, di-inosine pentaphosphate; ApSA, diadenosine penta- 
phosphate. 
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activates homomeric P2X 3 receptors in parallel experi- 
ments (25). 

2. Antagonists/blockers 

The P2X2/3 heteromer shares with the homomeric 
P2X 3 the high sensitivity to block by TNP-ATP (455, 483), 
as well as PPADS and suramin (48, 435) (Table 5). The 
high affinity for TNP-ATP results rather from a fast asso- 
ciation rate rather than a slow dissociation rate (435). Ip5I 
is much more potent to block P2X X and P2X 3 homomers 
(242) than to block the P2Xo/z heteromers and is therefore 
useful to distinguish between P2X 3 and P2X2^ receptors 
(103, 287; Table 5). Increasing the concentration of cal- 
cium ions also inhibits currents through P2X^ receptors, 
but they are less sensitive in this regard than P2X 2 ho- 
momers (482). 

3. Permeation properties 

The calcium permeability of the receptor is close to 
that of the P2X 3 subunit (P C a/*Na 1.2-1.5; Ref. 482). A 
time-dependent increase in NMDG permeability can also 
occur in ¥2X. m heteromeric channels (229). 

4. Desensitization/inactivation 

The relatively slow desensitization of currents 
through heterologously expressed P2X 2/ r 3 heteromers is 
one of its defining features. However, this has not been 
studied in detail, and the regions of the two subunits 
involved are not determined. 

In summary, with respect to each of its main proper- 
ties,- the P2X 2/3 receptor closely resembles homomeric 
P2X 2 receptors in certain ways and homomeric P2X 3 re- 
ceptors in others (Table 5). 

E. Homomeric P2X 4 Receptors 

Five groups independently isolated cDNAs for the rat 
P2X 4 receptor. These were from superior cervical gan- 
glion (44), brain (412, 430; named P2X 3 in this paper), 
hippocampus (29), and pancreatic islet cells (491). Hu- 
man (96, 145), mouse (464), chick cDNA (393), and Xe- 
nopus (222) cDNAs have also been isolated. 

7. Agonists 

Homomeric P2X 4 receptors are activated by ATP but 
not by a/3meATP. The most useful distinguishing feature 
of ATP-evoked currents at P2X 4 receptors is their poten- 
tiation by ivermectin; ivermectin does not potentiate cur- 
rents in cell-expressing homomeric P2X 2 , P2X 3 , or P2X 7 
receptors or P2X2, 3 heteromers (234). It does, however, 
have a similar potentiating action at a7-nicotinic acetyl- 
choline receptors (258). Cibacron blue also potentiates 



currents at the P2X 4 receptor, but not those at P2X 2 
receptors (309); however, the effects are smaller than 
those seen with ivermectin. The currents can also be 
differentiated from those at P2X 2 receptors by the actions 
of copper and zinc. Both zinc and copper (10-100 fxM) 
potentiate P2X 2 receptor currents; however, zinc but not 
copper is effective at P2X 4 receptors (511). Acidification 
reduces currents at P2X 4 receptors but increases currents 
at P2X 2 receptors (441, 502). The inhibition of the.current 
results from protonation of His-286, because it' does not 
occur when this histidine residue is mutated to alanine 
(73). Histidine is found at this position only in the P2X 4 
subunit. 

2. Antagonists/blockers 

The rat P2X 4 receptor is unusual among the P2X 
receptors in its relative insensitivity to blockade by the 
conventional antagonists suramin and PPADS (44, 430). 
Antagonism by PPADS at P2X receptors develops over 
several minutes and reverses only partially with a 20- to 
30-min washing. This suggests that it might result from 
interaction between the aldehyde moiety of the pyridoxal 
ring and a lysine residue of the receptor (44). Buell et al. 
(44) identified one such candidate lysine in the rP2X 2 
receptor; when this was replaced by glutamate (K246E), 
the inhibition by PPADS reversed fully within a 10-min 
washing. The P2X4 receptor lacks the lysine at the equiv- 
alent position, but when lysine was introduced by mu- 
tagenesis (P2X 4 -E249K), PPADS causes an almost irre- 
versible inhibition (44). The hP2X 4 receptor is more 
sensitive to block by PPADS than the rat P2X 4 receptor; a 
domain stretching from Arg-83 to Glu-183 of the receptors 
was deemed to include the main determinant of . PPADS 
sensitivity from experiments with a series of chimeric 
receptors (145). According to Jones et al. (221), the 
mouse P2X 4 receptor is blocked by PPADS (IG 50 -10 
^M), whereas Townsend-Nicholson et al. (464) report 
that currents evoked by ATP at the mouse P2X 4 receptor 
are actually increased by PPADS. 

Suramin also differs in its potency to block &t the rat 
and human receptors (145, 430). In this case, the differ- 
ence was largely accounted for by a single amino acid 
difference. The rat receptor has glutamine at position 78 
and is relatively insensitive to suramin; the human recep- 
tor has lysine and is more readily blocked. The. mouse 
sequence has glutamine in this position; ATP-eVoked cur- 
rents here are increased by concentrations of suramin 
(3-100 juM) that block other P2X receptors (464) or are 
unaffected (221). A small potentiation by lower siiramin 
concentrations was found at the rat P2X 4 receptor by 
Buell et al. (44). Suramin has six negatively charged sul- 
fonate groups, and it is likely that minor differences in the 
disposition of positively charged side chains on -the recep- 
tor may account for these phenotypic differences. Indeed, 
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because the inhibition by suramin (and PPADS and many 
of the related dyes) is allosteric rather than competitive, it 
is easy to imagine that the main determinants of its bind- 
ing (which presumably include some positively charged 
amino acid side chains) might be quite different among 
the different P2X receptors. On the other hand, experi- 
mental conditions and protocols rather than the amino 
acid differences must underlie the conflict between the 
results of Jones et al. (221) and Townsend-Nicholson et 
al. (464). 

Single-channel recordings from COS (119) or 
HEK293 (339) cells expressing P2X 4 receptors show chan- 
nels with a unitary conductance of —9 pS (at - 100 mV). 
These currents are inhibited by magnesium (2-10 mM) in 
two ways: 1) the current amplitudes are reduced (imply- 
ing a fast channel block) and 2) the mean open times are 
reduced (indicating an effect ion gating). Although much 
more limited in scope, the results are broadly similar to 
those for P2X 2 channels (97, 98). 

3. Permeation properties 

When the application of ATP is of short duration, 
P2X 4 receptors operate as cation-selective channels; the 
calcium permeability is relatively high (4.2 in 8 mM cal- 
cium and NMDG, Ref. 430; 4.2 in 110 mM calcium, Ref. 
44). In the human P2X 4 receptor, calcium contributes 
—8% of the total inward current under normal conditions 
(1.8 mM extracellular calcium) (145). 

When the application of ATP is continued for several 
seconds, the P2X 4 receptor channel becomes increasingly 
permeable to larger organic cations such as NMDG (229, 
481). The phenomenon is essentially the same as that 
described above for the P2X 2 receptor; as for those re- 
ceptors, it is observed in only a proportion (40-50%) of 
cells (229, 481). The main difference from the results with 
P2X 2 receptors is that the two components of the current 
(NMDG impermeable and NMDG permeable) are clearly 
separated in time (Fig. 9C). This appears to be because i) 
the current through the NMDG-impermeable channel (T x 
in Ref. 229) desensitizes more quickly than that in the 
P2X 2 receptor, and, more importantly, 2) the time course 
of development of the NMDG-permeable (J 2 ) form is 
slower for the P2X 4 receptor (typically 50-100 s at 100 juM 
ATP) than for the P2X 2 receptor (5-10 s) (229, 481). 
Certain procedures allow the distinction of the two states 
of the receptor. For example, the U state of the P2X 4 
receptor does not occur if the extracellular calcium con- 
centration is raised to 5 mM. Moreover, mutations of a 
glycine reside in the second transmembrane domain (Gly- 
347 in P2X 4 ) can produce receptors that exhibit only the 
I 2 form (G347R and G347K) or only the I x form (G347Y) 
(Fig. 9) (229). 

It is tempting to speculate that the progressive devel- 
opment of an NMDG-permeable state results from con- 



formational changes in the ion-conducting pathway. 
Given the relative sizes of a sodium ion, and 'NMDG or 
YO-PRO-1 (Fig. 8), such a conformational change could 
be quite minor. On the other hand, it must be kept in mind 
that the time-dependent increase in permeability is not 
seen in all cells; this suggests that other constituents of 
the expression system may be critical. Thus one possibil- 
ity is that the NMDG permeation pathway is provided by 
a distinct membrane protein that is activated by the P2X 
receptor. These issues are discussed further in section 
wJ3 with respect to the properties of P2X 7 receptors. 

4. Desensitization/inactivation 

Desensitization at P2X4 receptors is intermediate be- 
tween that observed at P2Xj and P2X 2 . There have been 
few systematic studies, but currents typically decline 
within 5-10 s at maximal ATP concentrations (100 juM) 
(145, 412, 491) (Fig. 5). Ivermectin greatly prolongs the 
action of ATP at P2X 4 receptors (234). 

F. Homomeric P2X 5 Receptors 

The P2X5 receptor cDNA was first isolated from 
cDNA libraries constructed from rat celiac ganglion (81) 
and heart (146). A P2X receptor was also cloned from 
embryonic chick skeletal muscle and named P2X 8 (28); 
detailed comparison of the amino acid sequence of the 
ectodomain of this chick receptor with other P2X recep- 
tors indicates that it actually corresponds to the chick 
P2X 5 receptor. The same cDNA was more recently iso- 
lated by Ruppelt et al. (394); their paper also reports the 
genomic structure, which is completely conserved with 
other P2X receptors (and mouse P2X 5 ; Ref. 89). A.bullfrog 
P2X 5 receptor has also been isolated from larval skin 
(named fP2X 8 ; Ref. 214). The only human cDNAs reported 
are missing exon 10 (hP2X 5a ) or exons 3 and 10 (P2X 5b ), 
and efforts to amplify a "full-length" cDNA, including 
exon 10, were unsuccessful (271). However, a sequence 
that corresponds to exon 10 can be found in the unor- 
dered human genomic sequences (AF168787). The trans- 
lation is Ala-325-Gly-Lys-Phe-Ser-Ile-Ile-Pro-Tlir-Ala-Ue- 
Asn-Val-Gly-Ser-Gly-Val-Ala-Leu-Met-Gly-Ala, which has 
three conservative amino acid differences from the equiv- 
alent rat sequence (see Fig. 1). S£gu£la and colleagues 
(271) cloned a fragment of human P2X 5 corresponding to 
exons 1-9; this aligns with P2X receptors as far as Lys-327 
(same number for human P2X 5 or rat P2X 5 ), just before 
the second transmembrane domain (Fig. 1). Comparison 
between the chicken, rat, and human sequences shows 
that they are closely related up to and including Ai^g-377 
(rat P2X 5 ), but then diverge. This residue is —18 amino 
acids toward the COOH terminus from the inner end of 
the second transmembrane domain and, by alignment 
with human genomic sequences, this corresponds to the 
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end of exon 11. This suggests species-specific splicing at 
this site, although the sequence corresponding to the rat 
COOH terminus (beginning at Gly-378) has no homologs 
in the human genomic database. 

The most striking feature of the currents elicited by 
ATP in cells expressing the rat P2X 5 receptor is their 
small amplitude, compared with the currents observed 
with P2X X , P2X 2 , P2X 3 , or P2X 4 receptors expressed under 
similar conditions. Maximal currents are typically 50-200 
pA when expressed in HEK cells, whereas currents at rat 
P2X 2 receptors expressed under similar conditions are 
often several nanoamperes in amplitude. The currents 
otherwise resemble those seen at P2X 2 receptors: they 
show little desensitization, are not activated by 
«/3meATP, and are blocked by suramin and PPADS at 
concentrations similar to those effective at P2X 2 recep- 
tors (81, 146). 

Le et al. (271) made a chimera between the human 
form (to the end of exon 9, amino acids Met-1 to Gly-328) 
and the COOH terminus of the rat P2X 5 receptor (h- 
rP2X 5 ). This was expressed in oocytes and resulted in 
currents that were activated by ATP, but which declined 
completely during a 2-s application of ATP (100 fxM). 
Repeated applications of ATP at intervals of several min- 
utes had much smaller effects. This difference between 
the behaviors of the rP2X 5 receptor and the h-rP2X 5 sug- 
gest that residues in the NH 2 terminus and/or ectodomain 
also play a role in the shaping the kinetics of the response 
to ATP. 

In contrast to the small currents observed with rat 
P2X 5 receptors, the chick P2X 5 expresses robustly in 
oocytes (28) and HEK293 cells (394). The chick P2X 5 
receptor has some strikingly different properties com- 
pared with other P2X receptors. First, the channel has a 
relatively high permeability to chloride ions (iW^cs = 
0.5). Second, the currents show desensitization at -60 mV 
(t ~5 s) but not at +40 mV; the desensitization at -60 mV 
largely disappears in low (0.1 mM) extracellular calcium. 
Third, ajSmeATP activates the receptor (equi-effective 
concentrations were ~ 10-fold higher than for ATP) (394). 
The chloride permeability is of particular interest in view 
of reports that the current induced by ATP in developing 
chick skeletal muscle is similar (456). P2X 5 mRNA is well 
expressed by developing skeletal muscle (306). 

G. Heteromeric P2X 1/5 Receptors 

P2X, and P2X 5 subunits can be coimmunoprecipi- 
tated (270, 462), and four papers report the properties of 
heteromeric P2X 1/5 receptors in oocytes (270) or in HEK 
(172, 447, 463), COS-7, and CHO cells (172). The defining 
phenotype of the heteromer is a sustained current evoked 
by ajSmeATP, which is not seen for either of the ho- 
momers when expressed separately. 



L Agonists 

Cells expressing the heteromeric receptor provide 
responses to ATP that have several unique features (172, 
447, 463). First, they are more sensitive to ATP them those 
with homomeric receptors; concentrations as low as 3 or 
10 nM evoke measurable currents. 2-MeSATP gives a 
maximal current similar to that of ATP, whereas 
aj3meATP, adenosine 5'-0-(3-thiotriphosphate) (ATP-yS), 
and /3ymeATP produce only —80% of the maximal cur- 
rent. Although they are more sensitive to ATP, the het- 
eromeric receptors are not more sensitive than P2X t ho- 
momers to a/3meATP. The dose-response curves, for ATP 
and ajSmeATP have Hill slopes close to 1; for' other re- 
ceptors they are closer to 2. Second, the kinetics of the 
response are distinct; at the very low concentrations, the 
currents are sustained over several seconds but when the 
concentration exceeds 300 nM they show an initial peak 
that declines and is followed by a sustained component. 
At these concentrations, there is often a "rebound" in- 
crease in current when the agonist application- is discon- 
tinued, as would be expected if the channel is. passing 
from a desensitized state, through an open state, to the 
closed state. Third, repeated applications of agonist at 
intervals of 10 s give quite reproducible inward currents; 
in contrast, at the homomeric P2X! receptor, currents 
disappear when the agonist is reapplied at intervals less 
than several minutes. 

2. Antagonists/blockers 

Currents are inhibited by either an increase or a 
decrease of the extracellular pH (447). They are little 
affected by increasing the extracellular calcium concen- 
tration to 30 mM; this is similar to the P2X t homomer and 
different from the P2X 5 homomer (172). The sensitivity to 
suramin and PPADS is similar to that of each of the 
constituent homomers, but low concentrations of PPADS 
(100 nM) also potentiate the "plateau" phase of the cur- 
rent. However, the sensitivity to TNP-ATP (IC 50 720 nM) is 
intermediate between the sensitive homomeric P2X, re- 
ceptor (— 1 nM) and the insensitive homomeric P2X 5 re- 
ceptor (IC 50 >10 jllM) (447). 

3. Penneation properties 

The P2X 1/5 receptor is much less permeable to cal- 
cium (in bi-ionic solutions: P c JPnh 1-1) than, the P2Xj 
homomer (Pca^Na 3.9) (447). The calcium permeability of 
the P2X 5 homomer has not been measured. The NMDG 
permeability of the receptor is similar to that seen for 
P2X 2 or P2X 4 receptors (P N MDc/^Na ~~0.08), and no in- 
crease in this permeability was observed during agonist 
applications of up to 20 s (447). 
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4. Desensitization/inactivation 

At low concentrations (<300 nM) ATP induces cur- 
rents that show little desensitization, but higher concen- 
trations result in currents in which a rapidly inactivating 
component is followed by a sustained plateau. It is un- 
likely that the initial peak results from homomeric P2X X 
receptors also present, because it does not decline with 
repeated applications. It is also unlikely that the sustained 
component results from homomeric P2X 5 receptors, be- 
cause the currents are considerably larger than those seen 
with P2X 5 subunits expressed alone. Thus the hetero- 
meric receptor currents have a kinetic profile quite dis- 
tinct from that observed with other homomeric or hetero- 
meric receptors. The simplest explanation for this 
behavior is a prominent desensitized state that can be 
entered and exited only from an open state. 

H. Homomeric P2X 6 Receptors 

The rat P2X 6 receptor was cloned from superior cer- 
vical ganglion cDNA (81) and from rat brain (431). The 
human equivalent was isolated from peripheral lympho- 
cytes as a p53 inducible gene (471). This was originally 
designated P2XM to reflect its abundance in human skel- 
etal muscle (471). The mouse gene is also heavily ex- 
pressed in skeletal muscle (337). The P2X 6 receptor ap- 
pears to be a "silent" subunit, in the sense that no currents 
are evoked by ATP when it is expressed in oocytes (243, 
269, 431) or HEK293 cells (431). 

In the original experiments of Collo et al. (81) it was 
found that rat P2X 6 receptor could be expressed in 
HEK293 cells, but in only a tiny fraction of transfections 
(Fig.. 2F of Ref. 81). The properties of the expressed 
current resembled those of the P2X 4 receptor, and this 
raises the possibility that these responses resulted from 
activation of P2X 4 receptors native to the HEK293 cells. A 
large fragment of the human P2X 4 receptor has been 
cloned from HEK293 cells (Genbank AFO 12903), and re- 
cently they have been shown by Northern and Western 
blotting to express P2X 4 RNA and protein (514). Although 
no one has ever reported P2X-like responses from non- 
transfected HEK293 cells, the possibility exists that these 
cells might express homomeric P2X 4 channels under cer- 
tain culture conditions. A more likely explanation might 
be that the receptor is not sufficiently glycosylated in 
heterologous expression systems, given that consensus 
sites do not fully correspond among the various subtypes. 

I. Heteromeric P2X2/ 6 Receptors 

. P2X 2 and P2X G receptors have been found to coim- 
munoprecipitate after expression in HEK293 cells (462). 
Oocytes expressing this combination have subtly differ- 



ent responses to ATP than oocytes expressing only P2X 2 
receptors (243). The most convincing of these differences 
is the fact that (at pH 6.5) the inhibition of the current by 
suramin is clearly biphasic; one component has the high 
sensitivity of homomeric P2X 2 receptors (IC 50 —80 
nM)(244), whereas the other component is less sensitive 
(IC 50 -2 jllM) (243). 

J. Heteromeric V2X^ % Receptors 

Two groups have reported that P2X4 and P2X<>, recep- 
tors form a heteromeric channel when coexpressed in 
oocytes (234, 269). The subunits can be coimmunopre- 
cipitated from oocytes (269) and HEK293 cells (462). The 
principal functional evidence for coexpression is that cur- 
rents elicited by ATP are larger in oocytes 5 days after 
mjection of mRNAs for P2X 4 and P2X C than after injection 
of P2X 4 alone (269). However, the phenotype of the het- 
eromer differs only in minor respects from that of P2X 4 
homomers. For example, in oocytes expressing the P2X4/ G 
receptor, a]3meATP evoked a maximal current that was 
-12% that caused by ATP, whereas for P2X 4 homomers 
this fraction was ~7% (269); the threshold concentration 
at which a/3meATP evoked currents is also slightly less 
(10 fxM) in oocytes iryected with both RN As . than in 
oocytes mjected only with P2X 4 RNA (234). These small 
phenotypic differences highlight the difficulty in studying 
the properties of the heteromeric channels in an expres- 
sion system in which one or both sets of homomers are 
also likely to be present 

K. Homomeric P2X 7 Receptors: 
Membrane Currents 

A chimeric cDNA encoding the rat P2X 7 receptor was 
first constructed from overlapping fragments isolated 
from superior cervical ganglion and medial habenula; full- 
length cDNAs were subsequently isolated from a rat brain 
cDNA library (446). Human (380) and mouse (64) cDNAs 
were cloned from monocyte and microglial cells, respec- 
tively. Expression of the rat P2X 7 cDNA in HEK293 cells 
resulted in sensitivity to ATP as measured by inward 
currents (446). In the original and subsequent, studies, 
other end points have been used, including uptake of 
YO-PRO-1 or similar fluorescent dyes which bind to nu- 
cleic acid and structural changes in the cell such as 
membrane blebbing (see sect. ivL). 

L Agonists 

Four main features distinguish the currents at P2X 7 
receptors from those observed at other P2X receptors. 
These are 7) the requirement to use concentrations of 
ATP greater than 100 /aM, 2) the finding that 2',3'-(ben- 
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zoyl-4-benzoyl>ATP (BzATP) is some 10-30 times more 
potent than ATP, 3) the fact that the effect of ATP (and 
BzATP) is much potentiated by reducing the concentra- 
tion of extracellular calcium or magnesium (446), and 4) 
the observation that the currents can exhibit striking 
changes in their time course and amplitude with repeated 
applications of the same agonist. The first point is one of 
the striking similarities between heterologously ex- 
pressed P2X 7 receptors and the responses of mast cells 
(79, 452). The second point, that BzATP is more potent 
than ATP, has led to the widespread use of BzATP as an 
agonist at P2X 7 receptors. It has also led to the erroneous 
belief that BzATP is selective for P2X 7 receptors; it is an 
effective agonist at similar or lower concentrations at 
other P2X receptors (25, 121). The potentiation of the 
responses to ATP (or MgATP) by reducing the concentra- 
tion of divalent cations is a hallmark of P2X 7 responses, 
but a similar though smaller effect is observed with other 
(e.g., P2X 2 ) receptors. The interpretation has often been 
made that this indicates that ATP 4 " must be the active 
ligand that binds to the receptor, but there is no direct 
evidence for this; an equally likely explanation is that the 
divalent ions simply bind elsewhere on the receptor and 
exert an allosteric inhibition, as do copper and nickel for 
example (see Ref. 479). 

The fourth point refers to the observation that the 
time course of the offset of inward current evoked by ATP 
(at the rat P2X 7 receptor) becomes slower with succes- 
sive ATP applications, and this behavior is most strikingly 
observed in low extracellular divalent ion concentrations 
(446). In the Xenopus oocyte expression system, the onset 
and offset kinetics of ATP at the human P2X 7 receptor 
show two components (248, 250). This suggests that un- 
der these conditions (divalent-free solutions) ATP binds 
to at least two sites that differ in affinity by -50-fold. 
There are species differences; the human P2X 7 shows this 
prolongation to a lesser degree, and with the mouse P2X 7 
receptor successive applications led rather to an increase 
in the peak amplitude of the inward current rather than a 
prolongation of the current (64, 183, 202, 380). The mech- 
anism of these kinetic changes is not well understood. In 
the case of the mouse, rat, and human receptors, repeated 
brief applications of agonist (BzATP) result in a progres- 
sive increase in agonist potency so long as the initial 
concentration is submaximal (183). 

ADP and AMP are very weak agonists at the P2X 7 
receptor. However, after a brief exposure to ATP, the 
effectiveness of ADP and AMP is increased (although they 
remain weak compared with ATP) (57). A similar effect is 
seen on mouse microglial cells. Moreover, in the micro- 
glia, the effect translates to release of interleukin (IL)-ljS; 
ADP and AMP do not normally elicit any IL-1/3 release, but 
they do so after an initial "priming" application of ATP 
(57). This surprising observation suggests that a brief 
initial application of ATP causes a longer lasting change in 



the receptor, which subsequently alters its ability to dis- 
criminate among ATP, ADP, and AMP. 

One such long-lasting change might be phosphoryla- 
tion. Kim et al. (238) have recently shown that the P2X 7 
receptor becomes dephosphorylated on Tyr-343 as a re- 
sult of exposure to agonist. When supramaximal concen- 
trations of BzATP are applied to the rat receptor ex- 
pressed in HEK293 cells, the currents show a progressive 
decline in amplitude; this is due to dephosphorylatibn of 
the receptor itself and can be completely prevented by 
phosphatase inhibitors (238). The direct demonstration 
that the P2X 7 receptor complex in HEK293 cells contains 
a receptor protein tyrosine phosphatase (RPTP/3) favors 
the interpetation that this is activated when ATP binds to 
the receptor. When RPTP/3 dephosphorylates the receptor 
on Tyr-343, the current amplitude declines. This could 
indicate a direct effect on channel conformation (or even 
permeation) of the -OH group as distinct from the 0-P0 3 ~ 
group, or it could result from the disruption of a protein- 
protein interaction that requires the phosphotyrosine. 

2, AntagonistsMockers 

There are five main types of blockers. The, first class 
is the ions. Calcium, magnesium, zinc, copper, and pro- 
tons all inhibit ATP-evoked currents at the rat P2X 7 re- 
ceptor; the corresponding IC 50 values are as follows (in 
jxM): 2,900, 500, 11, 0.5, and 0.4 (i.e., pH 6.1). The block is 
voltage independent (479). The inhibition by zinc and 
copper set the P2X 7 receptor apart from the other mem- 
bers of the family, where currents are facilitated by sim- 
ilar concentrations. Second, there are generic P2X recep- 
tor antagonists. Currents are relatively insensitive to 
block by suramin (IC 50 >300 /xM at rat P2X 7 ) and PPADS 
(IC 50 ~50 /xM) (446); the suramin analog NF279 -is more 
potent (IC 50 -10 /xM) (249). The human P2X 7 receptor 
appears to be more sensitive to PPADS (IC 50 ~3 /xlVf with 
3-min preincubation; zero magnesium, 0.5 mM calcium) 
(307). The most useful blocker in this class seems to be 
Brilliant Blue G (215), which blocks rat P2X 7 receptors at 
10 nM and human P2X 7 receptors at 200 nM. Rat P2X 2 and 
human P2X4 are blocked only in the micromolar range, 
and others (rP2X 4 , rP2X 1} hP2X x , rP2X 3 , hP2X 3 , rP2Xo^, 
and rP2X!/ 5 ) are unaffected even by >10 /xM (215). Fi- 
nally, oxidized ATP (ATP with the 2'- and 3'-hydroxyl 
moieties oxidized to aldehydes by periodate treatment) 
irreversibly blocks the currents when 1- to 2-h preincuba- 
tion is used (446); similar concentrations (100 /uM) also 
block currents at P2X! and P2X 2 receptors (121)/ 

The third group of blockers contains two large or- 
ganic cations, calmidazolium and KN-62 (Fig. 4): Calmi- 
dazolium (10 nM) blocks currents at rat P2X 7 receptors, 
but not currents at cells expressing rat P2X 2 or rat P2X^ 
receptors (479). It is rather less effective at human P2X 7 
receptors (307). This block is readily reversible and volt- 
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age independent; calmidazolium blocks several other ion 
channels, including cyclic nucleotide-gated channels, al- 
though those effects require higher concentrations (251). 
Calmidazolium { l-[bis(4-chlorophenyl)methyl]^[2-(2,4-di- 
chlorophenyl)-2-(2,4-dichlorophenylmethoxy)-ethyl]-lH- 
imidazolium] has a charged imidazoliniiim nucleus sur- 
rounded by four chlorobenzene moieties (Fig. 4) and was 
introduced as a calmodulin antagonist. KN-62 is a piper- 
azine {4-[2-[(5-isoquinolinylsulfonyl)methylamino]-3-oxo- 
3-(4-phenyM-piperazinyl)propyl]phenyl ester) (Fig. 4) 
used as an inhibitor of calcium/calmodulin-dependent 
protein kinase type II (CaM kinase II). It blocks currents 
in cells expressing the human P2X 7 receptor but has little 
effect at the rat P2X 7 (202). Neither of these actions 
appears to be related to calmodulin or CaM kinase II. 

The studies with blockers are difficult to compare, 
even for the same species. The IC 50 values are quite 
approximate because of their dependence on the agonist 
concentration; where possible, the values quoted corre- 
spond to inhibition of the response elicited by a just- 
maximal agonist concentration. The time of preincuba- 
tion of blockers such as PPADS greatly affects the 
potency but varies from study to study. Some experi- 
ments are carried out in normal physiological solution (2 
mM calcium, 1 mM magnesium), and others are not. 

The fourth class of P2X 7 antagonist described is 17/3- 
estradiol. Cario-Toumaniantz et al. (55) reported block of 
currents activated by BzATP in COS cells expressing the 
human P2X 7 receptor (and also a human macrophage line 
U-937). This effect did not involve genomic estrogen re- 
ceptors: the EC 50 was ~3 /xM, and progesterone and 
17a-estradiol were essentially without effect. Finally, re- 
ceptor blockade by a monoclonal antibody has also been 
reported; this is selective for human P2X 7 receptors (43). 
A monoclonal antibody raised against the rat receptor 
potentiates rather than inhibits the currents at rat P2X 7 
receptors (238). 

3. Permeation proprieties 

Currents through the P2X 7 receptor show little or no 
rectification. With brief agonist applications, the channel 
has low permeability to NMDG, but this increases as the 
agonist application is prolonged (446, 480). The time con- 
stant for the increase in permeability (iV^Na) increases 
from ~1 s (X = dime thy lamine) to 4 s (X = Tris) to 10 s 
(X = NMDG). The time constants are similar to those 
observed in those cells expressing P2X 2 receptors that 
show an increase in NMDG permeability; however, the 
increase in permeability is seen in all transfected HEK293 
cells rather than a proportion of them as P2X 2 and P2X4 
receptors (see sects. \vB3 and \vD3). Even when NMDG is 
permeable, the pore remains cation selective (480). The 
concentrations of BzATP that are required to open the 
channel initially are the same as those which cause dila- 



tion; the rate of dilation increases steeply from 0,3 to 30 
fiM BzATP (480). The permeability measurements are 
carried out in bi-ionic conditions, without extracellular 
calcium or magnesium. The addition of these divalents (1 
mM magnesium, 2 mM calcium) slows the rate of increase 
in permeability to NMDG but does not change the final 
value (481). 

There have been attempts to observe heteromeric 
channels. According to the biochemical experiments of 
Egan, Voigt and associates (462), P2X 7 receptors do not 
coimmunoprecipitate with other receptors (see Table 4). 
When P2Xi and P2X 7 receptors are coexpressed in 
HEK293 cells, the currents elicited by BzATP resemble 
those expected from a mixture of two independent sets of 
homomeric channels (56). ■ 

4. Desensitization/inactivation 

In HEK293 cells, the inward current evoked by ATP 
or BzATP shows no desensitization during applications 
lasting for many seconds (Fig. 5). Longer applications 
result in the increase in permeability described above, 
and this is sometimes accompanied by an increase in the 
current amplitude. 

L. Homomeric P2X 7 Receptors: Other Measures 
of Activation 

1. Uptake of calcium and fluorescent dyes 

The commonly used dyes (ethidium and YO-PRO-1) 
are shown in Figure 8. They become fluorescent when 
they intercalate nucleic acids, and this therefore, gives a 
direct measure of their entry into cells. They have the 
advantage that they can be added in relatively low con- 
centrations (typically ~~ 1 yM) to an otherwise physiolog- 
ical solution. There is no easy way to correlate the inten- 
sity of the fluorescence signal with the concentration of 
dye in the cell; however, by taking the first time derivative 
of the fluorescence intensity it is possible to estimate the 
rate of entry of dye (480). Such experiments show that the 
time course of YO-PRO-1 (several seconds) is consider- 
ably slower than the ionic current in normal conditions 
(several tens of milliseconds); it is, however, comparable 
to the time course of inward current when NMDG is used 
as the extracellular cation (480). This appears to be true 
for expression in either HEK293 cells (446, 480) or COS 
cells (56). This is consistent with the interpretation that 
NMDG and cationic dyes such as YO-PRO-1 share a com- 
mon permeation pathway. In most other respects, the 
properties of ATP-evoked YO-PRO-1 uptake closely re- 
semble those of ATP-evoked ionic current: with brief 
applications both are fully reversible, the effective con- 
centrations of ATP and BzATP are similar, the sensitivity 
to block by magnesium (446) and other ions is similar 
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(479), and the degree of block by other agents generally 
corresponds. The most notable exception here is calmi- 
dazolium, which blocks the ionic current (see above) but 
not the uptake of YO-PRO-1 (479). There are clear species 
differences among the P2X 7 receptors when dye uptake is 
measured, and these correlate with the differences seen 
when measuring ionic current (183, 380). There are also 
species differences in the potency of the block by iso- 
quinolines such as KN-62, with human and mouse recep- 
tors being more sensitive than rat receptors; this applies 
whether YO-PRO-1 uptake or ionic current is measured 
(202). 

For heterologously expressed P2X 7 receptors, the 
progressive increase in permeability to NMDG has been 
observed in HEK293 cells (rat P2X 7 , Refs. 446, 480, 481; 
human P2X 7 , Ref. 380; mouse P2X 7 , Ref. 64) and oocytes 
(rat P2X 7 , Ref. 229). The uptake in YO-PRO-1 has been 
shown in HEK293 cells (rat P2X 7 , Refs. 446, 480, 481; 
human P2X 7 , Ref. 380), COS cells (human P2X 7 , Ref. 56; 
ethidium uptake), and oocytes (rat P2X 7 , Ref. 229; Xeno- 
pits P2X 7 , Ref. 363). However, two groups have sought the 
permeability change in oocytes and failed to observe it 
(rat P2X 7 , Ref. 367; human P2X 7 , Ref. 248). This suggests 
that the host cells might contribute critical molecules that 
are required for the pore dilatation to occur, and this 
possibility is discussed further below. 

Bianchi et al. (25) measured the uptake of calcium 
into 1321 astrocytoma cells transfected to express human 
P2X 7 receptors; this peaked at ~ 10 s after adding BzATP 
(25 ixM), This calcium signal was blocked by <10 /xM 
PPADS (3-min preincubation). Dubyak and colleagues 
(401, 402) observed the entry both of calcium and fluo- 
rescent dyes in transfected HEK293 cells. Both intracel- 
lular Ca 2+ ([Ca 2+ ]i) and ethidium fluorescence rose 
within a few seconds of applying BzATP. Maitotoxin pro- 
duced similar effects, but these were of slower time 
course and were observed in both HEK293 cells either 
transfected or not with the P2X 7 cDNA. The entry path- 
way for the dyes was similar whether activated through 
P2X 7 receptors or maitotoxin receptors, in the sense that 
ethidium entered more readily than YO-PRO-1, and 
POP0 3 hardly entered at all. The experiments disprove 
the hypothesis that maitotoxin directly activates P2X 7 
receptors but leave open the possibility that a common 
entry pathway for the fluorescent dyes is activated 
through two distinct receptors. 

There has been little by way of systematic structure- 
function analysis of the P2X 7 receptor. Truncation of the 
protein (deletion of residues from 419 to 595) results in a 
receptor with much reduced uptake of YO-PRO-1 (446). 
Human P2X 7 receptors with the point mutation E496A 
occur as a result of a single nucleotide polymorphism; 
when expressed in HEK293 cells, these receptors show a 
reduced uptake of ethidium in response to ATP (164). 
This residue is at the center of a highly conserved charged 



motif in the COOH-terminal tail (His-Arg-Cys-Leu-Glu- 
Glu-Leu-Cys-Cys-Arg-Lys-Lys) (Fig. 1). The recognition of 
domains involved in protein-protein interactions in the 
COOH terminus of the P2X 7 receptor should prompt fur- 
ther studies by mutagenesis. These include binding' sites 
for bacterial lipopolysaccharide (94), an SH 3 domain (94, 
238), and a region similar to sequences known to bind 
a-actinin (238). 

2. Membrane blebbing and morphological changes 

ATP or BzATP induces remarkable changes in the 
appearance of HEK293 cells transfected with the rat P2X 7 
receptor (294, 480). After —30 s of continuous application 
of BzATP (30 fjM), the plasma membrane begins to de- 
velop large blebs, and after 1 or 2 min, these become 
multiple and sometimes coalesce. The time to the appear- 
ance of the first bleb can be delayed by removal of extra- 
cellular sodium or, in cases when patch-clamp recording 
is being made, by using sodium as the principal intracel- 
lular cation. Membrane blebs develop as large, hemi- 
spherical protrusions of plasma membrane, ranging in 
diameter from 1 to > 10 /xm. They are usually preceded by 
the appearance of smaller vesicles (<1 jtxm diameter), 
which often become very numerous and are shed from the 
cell (294). 

Taken together, it would appear that several distinct 
sequelae can now be ascribed to activation of the homo- 
meric P2X 7 receptor. The earliest event has been studied 
electrophysiologically, usually with agonist applications 
up to several seconds. This is the opening of a cation- 
selective ion channel; it can occur within milliseconds 
(with a maximal agonist concentration). If the agonist 
application is repeated, the current induced becomes 
larger and takes longer to decline after each application, 
but here there are species differences. If the agonist ap- 
plication is prolonged (several seconds), there is an in- 
crease in permeability to larger organic cations, including 
NMDG (measured as ionic current) and YO-PRO-1 (mea- 
sured by cell fluorescence). A key question that is raised 
is whether these two properties are intrinsic to' the P2X 7 
receptor protein or whether they require additional mol- 
ecules to be provided by the host cell (Fig. 10). . 

The simplest explanation is that both these proper- 
ties are intrinsic to the P2X 7 receptor protein (Fig. 10A). 
In favor of this interpretation are the following observa- 
tions. 1) The increase in permeability is progressive; it 
occurs more quickly for smaller cations such as.dimeth- 
ylammoinum and TEA and more slowly for larger cations 
such as NMDG and YO-PRO-1. 2) It is observed in a range 
of host cells (HEK293, COS, and oocytes). 3) Several 
procedures that block the initial current also block YO- 
PRO-1 uptake. These include Brilliant Blue G and poly- 
ethylene glycols (480). 4) The two properties are shown 
not only by P2X 7 receptors, but also in a proportion of 
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Fin. 10. Schematic illustration of two contrasting mechanisms for 
the time-dependent increase in permeability observed for P2X 7 recep- 
tors. A: pore dilatation. Several subunits (two indicated) form a channel 
permeable to small cations. This opens within milliseconds after binding 
ATP but undergoes a conformational change (arrow) that is associated 
with dilatation of the ion conducting pathway. B: activation of a distinct 
channel protein. The P2X 7 receptor (left.) forms a channel permeable to 
small cations, as in A. The activated receptor interacts with (directly, as 
indicated by circle, or through further intermediate proteins) and opens 
a distinct channel protein (shown in gray), which is permeable to larger 
cations including fluorescent dyes. Evidence for and against these mod- 
els is discussed in the text. 

cells expressing P2X 2 , P2X 2Ai1 and P2X,, receptors, and the 
kinetics are similar in each case. For those receptors, 
point mutations in the second membrane-spanning do- 
main can alter the NMDG permeability increase (see 
sects. wB3 and \vE3). 

On the other hand, one might postulate that the P2X 
receptors simply activate an intrinsic (yet unidentified) 
membrane protein that functions as a permeation path- 
way for large cations and YO-PRO-1. Several results are 
more easily reconciled with this interpretation, i) Calmi- 
dazolium blocks the current while leaving the YO-PRO 
uptake unaffected. 2) Maitotoxin can activate a dye entry 
pathway with very similar properties to that seen with 
P2X 7 receptors (although slower kinetics), and the P2X 7 
receptor is not required for this (401, 402). 3) In some 
oocyte expression systems, activation of the P2X 7 recep- 
tor results only in the first response (opening a channel 
permeable to small cations) and not the second (there is 
no NMDG permeability, or YO-PRO-1 uptake) (367; hu- 
man. P2X 7 , Ref. 248). Similarly, YO-PRO-1 uptake varies 
considerably among different transfections of HEK293 
cells, even though ionic currents are comparable (unpub-. 
lished observations). 

The plasma membrane blebbing and microvesicula- 
tion that occurs on activation of P2X 7 receptors has not 
been seen for other members of the family and seems 
likely to reflect the engagement of downstream signaling 



mechanisms that are unrelated to the movement of ions 
across the membrane. It would be useful to engineer point 
mutations that can selectively prevent the flow of ionic 
current and others that inhibit the membrane bleb and 
vesicle formation. 

A final end point of P2X 7 receptor activation is indis- 
putably cell death. The literature is confused here, be- 
cause of the many different ways in which death has been 
defined. For example, experimenters with fluorescent- 
activated cell sorters sometimes use YO-PRO-1 uptake to 
identify dead cells; cells expressing P2X 7 receptors can 
take up YO-PRO-1 repeatedly, and electrophysiological 
recordings indicate at such a time that they are far from 
dead (480). The release of lactic dehydrogenase activity 
into the medium is sometimes used as a measure of cell 
death; this occurs only after many tens of minutes of 
continuous application of BzATP to HEK293 cells trans- 
fected with P2X 7 receptors (294, 480). 

V. P2X RECEPTORS IN NATIVE CELLS 
AND TISSUES 

A. Brain Neurons 

Norenberg and Illes (343) have provided a fairly com- 
prehensive account of studies on central P2X receptors; 
further brief reviews are by Khakh (235) and Robertson et 
al. (384). 

L Exogenous ATP 

The effects of exogenous ATP have been studied by 
intracellular and/or whole cell recordings made from neu- 
rons in slices of hippocampus (355-357), supraoptic nu- 
cleus (414), motor nucleus of the Vth nerve (84, 230), 
mesencephalic nucleus of the Vth nerve (232), locus cer- 
uleus (342, 413), medial habenula (106, 107, 333), hypo- 
glossal nucleus (141), and nucleus tractus solitarius (226), 
as well as in dissociated cells in the case of hippocampus 
(357), supraoptic nucleus (414), tuberomammillary nu- 
cleus (142), dorsal motor nucleus of vagus (317), mesen- 
cephalic nucleus of Vth nerve (84), and nucleus of the 
solitary tract (317, 468). Four main effects have been 
described. 

a) inward current. The current evoked by ATP usually 
(84, 232, 317, 414, 468) but not always (142) shows prom- 
inent inward rectification. Only in a few cases, have any 
further properties of the permeation pathway been de- 
scribed; in histaminergic tuberomammillary neurons 
(142) and in neurons of the nucleus of the solitary tract 
(468), P C a#Na was ~ 12 ( at 2 mM extracellular [Ca 2+ ]). 
This relatively low value is similar to that of th0 hetero- 
meric P2X2/3 receptor, and considerably lower than that 
seen for the homomeric P2X 2 or P2X 4 receptors. Only in 
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a few cases have the pharmacological properties of the 
currents been investigated thoroughly. In general, this is 
more reliable with dissociated cells, where problems of 
nucleotide degradation are reduced. In dissociated cells 
identified as vagal motoneurons, the EC 50 for ATP is —50 
/llM, and ajSmeATP has no effect at 100 /xM; suramin 
inhibits currents elicited by ATP (50 /xM) with an IC 50 of 
10 /xM (317). In cells dissociated from the mesencephalic 
nucleus of Vth nerve (proprioceptive and mechanosensi- 
tive primary afferent cell bodies), ATP elicits inward cur- 
rents (EC 50 3 fxM), but a/3meATP does not (232). 

In summary, inward currents in response to exoge- 
nous ATP are readily observed in neurons dissociated 
from several regions of the mammalian brain. On the 
other hand, responses to exogenous ATP that can be 
attributed to P2X receptor activation are difficult to ob- 
serve in brain neurons in slices, and generally require very 
much higher agonist concentrations. It seems probable 
that the high levels of ATP released from damaged cells 
during the preparation of the slice, and perhaps also 
during the continued incubation of the slice in vitro, 
desensitizes (or internalizes) P2X receptors. It is also 
possible that intimate interactions between the ectodo- 
main of the receptor and the extracellular matrix proteins 
present access barriers that are disrupted by cell dissoci- 
ation. 

B) presynaptic action. The second effect that has been 
reported in intact slices of brain tissue is a presynaptic 
stimulation of the release of glutamate (206), best evi- 
denced as the increase in frequency of spontaneous syn- 
aptic currents (226, 230, 231). Neurons of the motor nu- 
cleus of the trigeminal (Vth) nerve receive a prominent 
excitatory input from primary afferents that have their 
cell bodies in the mesencephalic nucleus. ATP elicits 
spontaneous glutamate-mediated excitatory postsynaptic 
potentials (EPSCs) in the motor neurons; the receptor 
involved has not been characterized pharmacologically in 
any detail but differs in its rate of desensitization from 
that on soma of the same cells in the mesencephalic 
nucleus (84, 231). In slices of motor nucleus of Vth nerve 
(230), the increase in EPSCs was blocked by cadmium, 
implicating depolarization of nerve terminals and activa- 
tion of voltage-gated calcium channels, whereas in slices 
of nucleus tractus solitarius (226), sufficient calcium en- 
ters through the P2X receptors themselves to bring about 
the increased transmitter release. The effects of endoge- 
nous ATP and congeners in the brain stem are of partic- 
ular interest with respect to in vivo studies. Spyer and 
colleagues (377) have shown that unilateral microinjec- 
tion of ATP or a]3meATP into the ventrolateral medulla 
excites neurons and reduces resting phrenic nerve dis- 
charge (an indication of central inspiratory drive) (457). 
Identified inspiratory neurons in the pre-Botzinger com- 
plex are excited by a/3meATP and C0 2 (458), and this has 
led to the suggestion that the effects of acidosis might 



result from potentiation of the effects of endogenous ATP 
at P2X 2 receptors (436). 

C) increase in [CA 2 * ] r . Responses of dissociated neurons 
have also been recorded by imaging changes in intracel- 
lular calcium (hippocampus, Ref. 357; hypothalamus, Ref. 
62; cerebellar Purkinje cells, Ref. 301; rat supraoptic neu- 
rons, Ref. 414; neurohypophysis, Ref. 465). In the case of 
the Purkirge cells, the response to ATP is not mimicked 
by ajSmeATP, is potentiated by acidification and -by zinc, 
and is blocked by suramin (IC 50 50 juM) and PPADS (IC 50 
6 /ulM), although not by Ip5I; these results indicate that 
P2X 2 receptor subunits dominate the pharmacological 
properties of the calcium entry pathway (148). In the 
hippocampus, the [Ca 2 *^ signal is mimicked by 
«/3meATP, reduced by PPADS, and only little affected by 
thapsigargin (357). 

ATP elicits the release of arginine vasopressin, al- 
though not oxytocin, from posterior pituitary terminals; 
the EC 50 is ~9 fxM (465). An increase in [Ca 2+ ]j is ob- 
served in a subset of these neurohypophysial terminals 
when ATP (EC 50 5 /xM) is applied; the response required 
extracellular calcium but was unaffected by blockers of 
voltage-gated calcium channels. a/3MeATP (100 juM) had 
much less effect than ATP, and the action of ATP was 
reversibly abolished by suramin (300 /mM). Pubill fet al. 
(373) have suggested that disaggregation of actin conse- 
quent to calcium entry may also play a role. It was pro- 
posed that ATP might have a local paracrine action to 
enhance the release of arginine vasopressin at the level of 
the neurohypophysis and that the receptor involved most 
closely resembled the P2X 2 receptor. 

D) single-channel opening. The fourth type of response 
to exogenous ATP is the stimulation of single-channel 
openings in membrane patches from rat hippocampal 
granule cells (509). In 19 of 98 outside-out patches, ATP 
elicited openings of a 56-pS channel. The unitary current 
showed a linear voltage dependence and was unaffected 
by changes in calcium from 0.3 to 0.85 mM. afMeATP (40 
fxM) opened similar channels also in a small proportion (3 
of 17) of patches. The maximal overall probability of the 
channel being open (p Q} with 1 mM ATP) was about 0.1, 
but openings occurred in obvious bursts within which p a 
was much higher (0.96). Suramin (40 fxM) reduced the 
probability of opening by reducing the mean open time 
and the mean burst length, a result not consistent with 
simple competitive antagonism. In some patches, suramin 
increased the unitary currents; this finding is of interest 
because suramin has been reported to increase currents 
elicited by ATP in myenteric neurons (12) and in oocytes 
expressing homomeric P2X 4 receptors (29). Outside-out 
patches from hypothalamic paraventricular neurons also 
show predominantly flickery channel openings (498). As 
the authors point out, the properties of these ATP-acti- 
vated channels in dentate granule cells and hypothalamic 
cells do not correspond to those of any of the combina- 
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tions of subunits so far studied by heterologous expres- 
sion. 

2, Endogenous ATP 

Postsynaptic currents mediated by release of endog- 
enous ATP have been described for the hippocampus 
(CA1, Refs. 355-357; CA3, Ref. 313), medial habenula 
(106), and locus ceruleus (342). The main evidence for 
this conclusion is the finding that the currents are not 
inhibited by high concentrations of antagonists at AMPA/ 
kainate, NMDA, serotonin (5-HT 3 ), or nicotinic acetylcho- 
line receptors, whereas they are depressed by suramin or 
PPADS. In CA1 cells and medial habenula, the synaptic 
currents and the currents elicited by exogenous ATP 
show relatively little inward rectification (107, 356). In the 
case of the hippocampus, the synaptic currents are po- 
tentiated by zinc (10 fxM), consistent with the involve- 
ment of a P2X 2 or P2X 4 subunit. There is evidence that 
distinct presynaptic fibers release ATP and glutamate in 
the medial habenula, because release of glutamate (but 
not ATP) is selectively inhibited by adenosine acting at 
presynaptic A x receptors (383). The amplitudes of the 
ATP-mediated synaptic currents recorded are uniformly 
small (typically 20-50 pA) compared with EPSCs medi- 
ated by excitatory amino acids (typically >1 nA), and this 
certainly raises questions regarding the physiological cir- 
cumstances under which such synaptic transmission 
comes into play. It is possible that the currents are small 
because ATP released from dying cells results in contin- 
ued receptor desensitization. Alternatively, small-ampli- 
tude currents might have significant signaling conse- 
quences quite distinct from those of the depolarization, 
such as calcium-mediated cytoskeletal changes that con- 
tribute to synaptic remodeling. 

There are difficulties in pursuing the physiological 
role for P2X receptors activated by endogenous ATP. The 
first remains the inadequacy of the antagonists available. 
It must be stressed that, at the concentrations used in 
many experiments (>30 /xM), suramin, PPADS, and reac- 
tive blue 2 have been shown to block currents elicited by 
kainate, NMDA, and GABA in dissociated cells (328) and 
to slow the rate of rise of currents elicited by AMPA (165). 
A second complication is that evoked synaptic currents 
are often observed in only a fraction of neurons tested, 
and this may make it difficult to carry out the critical 
comparative studies in tissues from mice in which P2X 
receptor subunits have been knocked out. A third diffi- 
culty arises from the pronounced desensitization that is 
often observed when ATP and related nucleotides are 
applied to brain neurons. In the experiments on the CA1 
pyramidal cells (356), the purinergic component of the 
EPSC declined to zero when it was elicited at stimulation 
frequencies >0.06 Hz. It may be possible to address the 



problem of desensitization or internalization of receptors 
due to tonically high ambient extracellular ATP levels by 
adding ATP-degrading enzymes to the in vitro solution. 

A recent ultrastructural study localized 'P2X 4 and 
P2X 6 subunits to the peripheral regions of the postsynap- 
tic density in hippocampal and Purkinje neurons (392), 
and attention has now been drawn to a possible role in 
modulating glutamate-mediated synaptic transmission. 
Recording the extracellular field excitatory postsynaptic 
potential, Pankratov et al. (357) found that a 200-ms train 
of stimuli at 200 Hz was insufficient to elicit, long-term 
potentiation (LTP) at CA1 synapses; a train 1 s in duration 
evoked robust LTP. However, in the presence of PPADS 
(20 /xM), even the shorter train evoked LTP. Using intra- 
cellular recordings, they showed that the NMDA compo- 
nent of the CA1 EPSC was inhibited during continuous 
stimulation of the Schaffer collaterals; this has been as- 
cribed to a rise in intracellular calcium inhibiting the 
postsynaptic response of the NMDA receptor (see Ref. 
389). This inhibition of the NMDA component of the EPSC 
was also blocked by PPADS (20 /xM), leading Pankratov 
et al. (357) to reason that calcium entry through postsyn- 
aptic P2X receptors may be reducing the NMDA compo- 
nent. In isolated cells, they showed directly that applica- 
tion of ATP (or ajSmeATP) significantly inhibited the 
current evoked by exogenous NMDA. This inhibition was 
not seen when barium replaced calcium in the superfus- 
ing solution, implying that it resulted from calcium entry 
through P2X receptors! 

B. Retina 

P2X receptor mRNAs have been detected in several 
retinal cell types (38, 39, 209, 496), but the principal 
functional studies have been carried out on ganglion cells 
(sect. vF5), Muller cells (sect. vZ)i), and pigment epithe- 
lial cells (sect. vGlO). 

C. Spinal Cord Neurons 

1. Exogenous ATP 

Exogenous ATP elicits inward currents in dorsal 
horn neurons in slices (13) or cells cultured from neo- 
nates (165, 166, 199, 211). The currents show- marked 
inward rectification (13, 199). The action of ATP is not 
mimicked by cxjSmeATP (199). The increase in [Ca 2+ ]j 
produced by ATP in acutely dissociated dorsal horn neu- 
rons probably reflects entry through P2X receptors, be- 
cause it is not affected by enough lanthanum (30 juM) to 
block the [Ca 2+ ]j elevation elicited by high potassium 
concentrations (13); this effect is not mimicked by 
aj3meATP (100 /aM), but the action of ATP (100 jjM) is 
completely blocked by suramin (100 fxM). 
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ATP elicits the release of glutamate, GABA, and gly- 
cine in the spinal cord. Gu and MacDermott (166) showed 
that ATP (and aj3meATP) increased the frequency of 
spontaneous glutamate-mediated EPSCs in embryonic rat 
dorsal horn cells cocultured with sensory neurons from 
the dorsal root ganglia. The increase in frequency per- 
sisted in tetrodotoxin but required extracellular calcium; 
experiments with lanthanum indicated that most of the 
calcium entered through P2X receptors themselves as 
distinct from voltage-dependent calcium channels opened 
by the ATP-induced depolarization. By focal application, 
it was shown that the P2X receptors were on neurites 
arising from dorsal root ganglion cells, as they made 
contacts with the dendrites of spinal cord neurons. Also 
in intact slices from rat spinal cord, the excitation of 
preganglionic sympathetic neurons by BzATP was pre- 
vented by glutamate receptor antagonists (95). This ac- 
tion was inhibited by Brilliant Blue G, suggesting that it 
resulted from activation of P2X 7 receptors on glutamate- 
containing presynaptic terminals. 

More recent studies on spinal cord slices have pro- 
vided key information regarding the further identification 
of the presynaptic fibers in the dorsal horn from which 
glutamate release is increased (321, 322). Spontaneous 
release of glutamate from terminals synapsing onto lam- 
ina V cells was much increased by a)3meATP:and by 
capsaicin. However, in the presence of tetrodotoxin to 
block signaling between neurons in the cord, the action of 
aj3meATP persisted whereas the effect of capsaicin was 
blocked. This synaptic input to lamina V cells from 
a/3meATP-sensitive, capsaicin-insensitive fibers origi- 
nates from primary afferent inputs of the AS class (322); 
these probably correspond to the ajBmeATP-sensitive 
(P2X2/3 receptor-expressing) A5 fibers responsible for me- 
chanical allodynia (467) (Fig. 11). This would be consis- 
tent with behavioral studies reporting a reduction in the 
mechanical allodynia following spinal nerve ligation in 
rats treated intrathecally with antisense oligos directed 
against the P2X 3 subunit (192) and confirms the sugges- 
tion by Ossipov et al. (351) that mechanical allodynia 
involves capsaicin-insensitive A fibers. Lamina II neurons, 
on the other hand, receive glutamate EPSCs from 
ajSmeATP-sensitive terminals that are also sensitive to 
capsaicin (322). These presumably originate from the 
P2X3/VRl-expressing subset of small/medium-sized dorsal 
root ganglia (see sect. vF2) and which contribute to the 
nociceptive behavior elicited by Formalin; this is reduced 
in P2X 3 knock-out mice (76, 433) or in mice treated with 
P2X 3 antisense oligonucleotides (192). 

GABAergic spontaneous miniature inhibitory post- 
synaptic (IPSCs) are also increased in frequency by ATP 
(in 22% of synapses studied), although not by <*0meATP 
(199) (Fig. 11). This effect also requires entry of extracel- 
lular calcium, at least partly through the P2X receptors 
themselves. These experiments were carried out on cul- 




fig. 11. Schematic indication of the actions of ATP at P^X receptors 
on neurons in the dorsal horn of the spinal cord. Neurons in the 
superficial dorsal horn receive synaptic inputs from glutamate, GABA, 
and glycine terminals; the frequency of glutamate-mediated spontaneous 
excitatory postsynaptic currents (EPSCs) is increased by a/3-methylene 
ATP (implicating P2X ;J and/or P2X iJ/3 receptors) and by capsaicin. The 
frequency of GABA- and glycine-mediated EPSCs is increased by ATP 
but not by a/3-methylene ATP (implicating P2X 2 -like receptors). A small 
fraction of neurons receives an ATP-mediated synaptic input. GABA- 
releasing neurons also release ATP. Neurons in deeper dorsal horn 
(lamina V) receive synaptic inputs from glutamate-rel easing terminals 
that are activated by cv/3-methylene ATP though not by capsaicin. Cap- 
saicin can release glutamate onto deeper neurons, but this is due to 
excitation (tetrodotoxin-dependent) of more superficial iriterneurons. 
VR1 + ve and VR1 -ve indicate sensory neurons that either express or do 
not express vanilloid receptor type 1, respectively. [Data from Jo and 
Schlichter (219), Nakatsuka and Gu (322), Nakatsukaet al. (321), Gu and 
MacDermott (166), Ilugel and Schlichter (199), and Rhee et al. (382).] 



tures of dorsal spinal cord, from 3- to 4-day-old rats, and 
many of the cells receiving the GABAergic inputs were 
themselves depolarized by the ATP. No effect of ATP was 
observed on spontaneous glutamate-mediated EPSCs. A 
rather similar effect was reported by Rhee et al. (382) for 
pharmacologically isolated glycine-mediated IPSCs. In 
this case, dorsal horn cells were acutely dissociated from 
10- to 14-day-old rats so that their normal synaptic inputs 
remained mostly intact. In more than half the cells, ATP 
increased the frequency of the spontaneous miniature 
IPSCs, and this strong facilitatory action largely persisted 
in cadmium (100 /llM), which blocked voltage-gated cal- 
cium channels. a£MeATP had no effect. . " 

2. Endogenous ATP 

A role for endogenous ATP has been proposed in the 
dorsal horn, because synaptic currents can be evoked that 
are sensitive to blockade by suramin and PPADS. In the 
work of Bardoni et al. (13), the effective concentrations of 
the antagonists are very high (500 /oiM suramin, 100 yM 
PPADS), and these authors recognize the difficulties in 
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making conclusions about the identity of the underlying 
transmitter (165). Jo and Schlicter (219) described an 
EPSC that was reversibly inhibited by suramin (30 fjM } 
80% inhibition) and PPADS (50 jaM, 50% inhibition). The 
ATP-mediated EPSC is linearly dependent on voltage, but 
this is different from the properties of the current evoked 
by exogenous ATP. These experiments on the ATP com- 
ponent of the synaptic current are carried out in the 
presence of a cocktail of antagonists, typically bicuculline, 
strychnine, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 
and 2-amino-5-phosphonopentanoic acid (AP-5), to block 
EPSCs mediated by GABA, glycine, AMPA/kainate, and 
NMDA receptors, respectively (13, 219). However, by 
washing out the bicuculline and separating the responses 
by setting the membrane potential to either the cation (for 
P2X receptors) or chloride (for GABA A receptors) rever- 
sal potential, Jo and Schlicter (219) were able to show 
that the same stimuli that elicited ATP currents also 
evoked GABA currents; this suggests corelease of the two 
transmitters. Despite the isolation of an evoked synaptic 
current mediated by ATP, spontaneous synaptic currents 
have not been observed (either in the spinal cord or 
elsewhere in central neurons). The analysis of ATP-medi- 
ated spontaneously occurring synaptic currents, readily 
observed at the peripheral neuroeffector junction such as 
the vas deferens (52), would be an important step toward 
understanding the mechanism by which ATP is released 
at central synapses. Figure 11 summarizes in schematic 
form our present understanding of the role of P2X recep- 
tors on cells in the dorsal horn; note that the evidence is 
taken from several different experimental approaches. 

D. Glial Cells 

Muller cells are one of the principal glial cells of the 
retina (with astroglia and microglia). Activation of P2X 
receptors elicits an inward current (human, Ref. 358) and 
a rise in [Ca 2+ ] { (rat, Ref. 338; rabbit, Refs. 288, 358). The 
electrophysiological response of the human Muller cells 
has several features of P2X 7 receptors; BzATP (effective 
at 5-r50 /xM) is more potent than ATP (a)3meATP had no 
effect), the currents show little rectification or desensiti- 
zation (even over 5 min), and the currents are strongly 
inhibited by KN-62 (1 fjM) and by extracellular magne- 
sium (358). On the other hand, there was no significant 
permeability to NMDG or uptake of fluorescent dye such 
as YO-PRO-1. P2X 7 mRNA was detected by RT-PCR in 
these human Muller cells (358), although not in rat Muller 
cells (209). 

Several studies have described the responses of glial 
cells to ATP, including Schwann cells (6, 85, 167, 170, 208, 
490; reviewed in Ref. 476). There is clear evidence that 
paracrine signaling by ATP is responsible for the spread 
of calcium waves among cortical astrocyte cells in culture 



(85, 170), and this has been reviewed (135). Although 
human astrocytes can express P2X 7 receptors, most evi- 
dence indicates that the calcium waves involve receptors 
of the P2Y class (220), and it is not discussed further here. 

E. Autonomic Neurons 

The P2X 2 receptor subunit has a widespread tissue 
distribution in autonomic neurons, but it is generally 
found to be coexpressed with one or more other subunits. 
The distribution of the subunits in various peripheral 
neurons has been usefully reviewed by Dunn et al. (104). 

1. Pheochromocytoma cells 

Pheochrbmocytoma (PC 12) cells have a long history 
as model cells for the study of ATP responses and are 
included here because of their resemblance to. sympa- 
thetic neurons. Inoue et al. (206) found that ATP caused 
norepinephrine release from PC 12 cells and that this ap- 
peared not to involve voltage-gated calcium channels. 
Nakazawa et al. (325) showed that ATP elicited a current 
that was cation selective, with significant permeability to 
TEA and Tris and very little permeability to glucosamine. 
They observed a significant calcium permeability (Pca^Na 
5.4, corrected for ion activities) at external calcium con- 
centration of 1.8 mM, and also observed that further 
increases in the calcium concentration led to a progres- 
sive block of the current. The concentration of calcium 
ions causing half-maximal block of the current was ~6 
mM, which is close to that observed for homomeric P2X 2 
receptors (482). The calcium that enters through P2X 
receptors can engage downstream signaling functions 
such as activation of mitogen-activated protein kinase 
(448). The ATP-induced current in PC 12 cells scares other 
properties with the P2X 2 receptor, including potentiation 
by protons (245, 440, 441), voltage dependence, #nd block 
by di- and trivalent cations (329, 330). 

2. Sympathetic neurons 

In rat superior cervical ganglion cells, ATP evokes 
inward currents (73, 233, 324, 327, 386, 387) and elicits the 
release of norepinephrine (30, 487). Rogers arid Dani 
(387) measured directly the calcium permeability of the 
P2X receptors by simultaneous measurements of intracel- 
lular calcium and membrane currents. In physiological 
solution (2.5 mM calcium) at -50 mV, some 6.5% of the 
ATP-evoked current was carried by calcium, compared 
with 12.4 and 4.7% for channels activated by N-rhethyl-D- 
aspartate and acetylcholine on the same cells. The cal- 
cium flux through the P2X receptors is sufficient to evoke 
the release of norepinephrine. Boehm et al. (30, 31) 
showed that norepinephrine was released by ATP from 
cultures for rat superior cervical ganglion cells, even 
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when voltage-gated calcium channels were blocked by 
cadmium (see also Ref. 487). This effect was also seen for 
culture of neurites, separated from their original cell 
bodies. 

The currents show relatively slow desensitization, 
and the action of ATP is not mimicked by ajSmeATP; the 
underlying unitary currents are — 14 pS (see Ref. 124). The 
currents are potentiated by zinc (73). This would be con- 
sistent with a receptor composition comprising P2X 2 , 
P2X 4 , and/or P2X 6 subunits, and immunohistochemical 
studies show that these three are the most abundant 
forms expressed on rat superior cervical ganglion cells 
(510). 

Guinea pig sympathetic neurons have different prop- 
erties from those of the rat. Evans et al. (120) and Khakh 
et al. (233) showed that in the celiac ganglion cells the 
currents evolved by ATP were mimicked by ajSmeATP, 
and this is also true for most cells in the superior cervical 
ganglion (516). These observations are consistent with 
the cells expressing heteromeric P2X2/P2X3 receptors. 
Immunohistochemical studies with antibodies raised 
against the COOH terminus of the rat P2X 2 receptor re- 
vealed staining in most superior cervical ganglion cells; 
P2X 3 immunoreactivity was seen in a subpopulation of 
neurons, and immunoreactivity for P2Xj, P2X 4 , P2X 5 , and 
P2X 6 receptors was not observed (516). 

ATP mediates synaptic potentials in guinea pig cul- 
tured celiac neurons (120). One of the main targets of 
these cells in vivo is the mesenteric vasculature, and 
Evans and Surprenant (123) had previously shown that 
the excitatory junction potential recorded from that vas- 
cular smooth muscle was mediated by ATP. In culture, the 
cells make synapses on each other; focal stimulation of 
nerve cell processes within the culture evokes synaptic 
currents of -200 pA at resting potentials. These currents 
are unaffected by antagonists at nicotinic, glutamate, or 
5-HT 3 receptors, but they are blocked by suramin (IC 50 -3 
fiM) or by continuing an application of aj3meATP until the 
current that it evokes has desensitized. Spontaneous syn- 
aptic currents mediated by ATP have also been reported 
in these neurons (416, 417). 

There are also differences between guinea pig and rat 
in the responses of chromaffin cells dissociated from the 
adrenal medulla (286). ATP induces in guinea pig cells a 
slowly desensitizing current that is not mimicked by 
apmeATP, more suggestive of P2X 2 than P2X 2 /P2X 3 het- 
eromers. On the other hand, ATP did not induce any 
currents in rat cells, despite the observation that they 
express both P2X, and P2X 2 immunoreactivity (488). 

3. Parasympathetic neurons 

Rat (134) and guinea pig (4) cardiac ganglion cells 
respond to ATP. The rat cells show a fast-onset, inwardly 
rectifying, cation-selective current that is desensitized by 



a/3meATP and blocked either by increasing the calcium 
concentration or by reactive blue 2 (IC 50 ~1 )xM). The 
relative permeabilities of the monovalent inorganic and 
organic cations were thoroughly measured in rat subman- 
dibular ganglion cells; these are similar to those of cloned 
rat P2X 2 receptors expressed in mammalian cells (285). 
The effects of protons were also similar to those seen for 
the cloned homomeric P2X 2 receptor. Intracellular dialy- 
sis with antibodies raised against the COOH terminal of 
the P2X 2 or P2X 4 (but not P2X0 subunits reduced the 
currents elicited by ATP. Taken together, these results 
suggest that the receptor in these cells might be a hetero- 
mer including P2X 2 and P2X 4 subunits (285). These dis- 
sociated neurons also express immunoreactivity for P2X 2 
and P2X 4 subunits (420). However, the intact ganglia 
show only P2X 5 immunoreactivity, and recordings from 
neurons in the intact ganglia do not respond to ATP. This 
observation is similar to that made by Stebbing et al. (437) 
for dorsal root ganglia (see sect. vFS) and clearly indi- 
cates that the procedures used for dissociation of cells 
have profound but little understood effects on the mem- 
brane expression of P2X receptor subunits. Clearly, this is 
an area that will repay future study. 

In the guinea pig, a transient response was distin- 
guished from slower currents; this reversed close to 0 mV, 
but no systematic permeability measurements were 
made. About 40% of rat pelvic ganglion cells show robust 
responses to ATP that have all the characteristics of the 
P2X 2 receptor, including potentiation by protons and zinc, 
ineffectiveness of aj3meATP, and block by suramin (IC 50 
~1 /xM) and PPADS; these cells also express abundant 
P2X 2 receptor immunoreactivity, and it is concluded that 
homomeric P2X 2 receptors probably underlie , the re- 
sponse (518). In more recent studies, Zhong et al. (517) 
have shown that guinea pig pelvic ganglion neurons differ 
substantially from those of the rat. Guinea pig cells ex- 
hibit responses consistent with homomeric P2X 3 , homo- 
meric P2X 2 , and heteromeric P2X m receptors; individual 
ceils can express more than one phenotype. 

4. Enteric neurons 

ATP evokes currents in guinea pig submucous neu- 
rons (11, 152) that reverse polarity at —0 mV and are 
neither mimicked nor blocked by a£meATP. In most 
(92%) neurons of the guinea pig myenteric plexus, ATP- 
evoked currents have many of the features of P2X 2 recep- 
tors, whereas the remaining 8% showed a quickly desen- 
sitizing current, mimicked by aj3meATP, and therefore 
similar to P2X, or P2X 3 receptors (519). The receptor on 
these cells is blocked by PPADS (10 juM) (12, 519), but 
reports differ regarding the effect of suramin (block, Ref. 
144; potentiation, Refs. 10, 12). There are marked species 
differences in the sensitivity to suramin among P2X 4 re- 
ceptors (145), and it would be interesting to determine the 
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suramin sensitivity of heterologously expressed guinea 
pig P2X 2 and P2X 4 receptors, to see if this might account 
for the phenotype of the native neurons. There are also 
slower responses to ATP in myenteric neurons, closing 
and opening of potassium channels, which presumably 
result from activation of P2Y receptors (10, 224). 

A synaptic potential mediated by ATP has been de- 
scribed in guinea pig myenteric neurons (144, 519). The 
majority of fast excitatory synaptic potentials in myen- 
teric plexus neurons are blocked by hexamethonium (10 
IjM), but there remain some that are not blocked even by 
300 /xM. In these cases, the resultant potential is blocked 
by suramin at concentrations similar to those required 
to block the depolarization evoked by exogenous ATP. 
LePard and Galligan (272) and Bian et al. (24) subse- 
quently showed that ATP-mediated synapses are involved 
in the descending inhibitory pathway in the myenteric 
plexus. This provides the only clear example to date of 
ATP-mediated synaptic signaling between neurons in an 
identified physiological pathway. 

5. Interactions with nicotinic receptors 

Nakazawa et al. (325) first described how currents 
elicited by ATP in PC 12 cells were not additive with those 
elicited by ACh. Although each receptor could be selec- 
tively blocked (by suramin and by hexamethonium), it 
was concluded that the "ATP-sensitive ionic pathway is 
not independent of the nicotine-sensitive pathway." The 
observations were later extended to sympathetic ganglion 
cells, where the interaction was shown to occur also in 
excised membrane patches (323, 327). It was concluded 
that the interaction might result from activation of one 
receptor leading to dephosphorylation of the other recep- 
tor, and hence a reduced current through it (324). 

Essentially similar findings of current occlusion have 
been made for other sympathetic (guinea pig celiac gan- 
glion, Ref. 410; see Ref. 411) and enteric (11, 152, 237, 520) 
neurons. Although there were some minor differences 
among the details in these reports, the main common 
findings were that the interaction seemed not to be at the 
level of the ligand binding, was not related to calcium 
entry, and did not require freely diffusible cytoplasmic 
messengers. On the other hand, the interaction was state 
dependent in that it required the receptors to be activated 
by their cognate ligands (237). The most likely interpre- 
tations are a direct protein-protein interaction between 
the channels or, as suggested by Nakazawa (324), an 
interaction in which the conformational change following 
ligand binding to one channel signals an alteration in the 
phosphorylation state of its neighbor. The physiological 
importance of such a direct postsynaptic interaction has 
not yet been addressed. 

In summary, the most important results of functional 
studies on autonomic neurons are 1) the finding that 



ATP-mediated synaptic transmission contributes to a de- 
fined neuronal pathway in the myenteric plexus, 2) the 
observations that individual neurons can express more 
than form of P2X receptor which can be distinguished 
functionally, 3) the evidence that guinea pig and rat au- 
tonomic neurons assemble their P2X receptors from dif- 
fering sets of subunits, and 4) the intriguing molecular 
interaction with nicotinic receptors that awaits a physio- 
logical interpretation. 

F. Primary Sensory Neurons 

1. Sensory fibers in the periphery 

P2X receptors are expressed by subsets of primary 
afferent neurons (see Table 4 of review by Dunn et al., 
Ref. 104), and substantial evidence now implicates ATP in 
the initiation of impulses in some sensory fibers: Excita- 
tion of sensory neurons by ATP evokes a sensation of pain 
in humans (26, 176). In animals, afferent C fibers are 
directly excited by ATP and c*j3meATP (heart, Ref. 225; 
lung, Refs. 304, 365; esophagus, Ref. 354; joint, Ref. 102; 
intestine, Ref. 247; tongue, Ref. 388; skin, Ref. 174; blad- 
der, Ref. 486; carotid body, Refs. 2, 515; vagus fibers, Ref. 
208). In some of these cases, the effectiveness of 
a/3meATP and the antagonism by TNP-ATP indicate in- 
volvement of a receptor that contains a P2X 3 subunit. The 
cell bodies of the peripheral fibers studied in these exper- 
iments are located in dorsal root ganglia or the nodose 
ganglion (e.g., heart, lung, esophagus, carotid body). Un- 
fortunately, in most electrophysiological studies on the 
cell bodies, these have not been identified as belonging to 
any functionally or anatomically identified fibers in the 
periphery. 

2. Cell bodies in nodose ganglia 

Rat nodose ganglion neurons respond rather uni- 
formly to ATP; the current shows little desensitization 
during applications of 1 s, and a/3meATP is also a full 
agonist (233). This phenotype, a slowly desensitizing cur- 
rent evoked by either ATP or ajSmeATP, was the third 
main class of response observed at P2X receptors in 
native cells (445) and prompted the initial experiments 
that showed the formation of P2X2/3 heteromers (274). 
Thus the effectiveness of TNP-ATP as an antagonist 
closely parallels its action at heterologously expressed 
P2X2/3 heteromers, and the response to a)3meATP is com- 
pletely lost in nodose ganglion neurons from P2X 3 knock- 
out mice (76, 433). On the other hand, individual nodose 
ganglion cells can express more than one P2X receptor. In 
many neurons, the current elicited by ATP is larger than 
that evoked by «/3meATP, and experiments with TNP- 
ATP show biphasic inhibition curves that are well fit by a 
combination of P2X 2 homomeric and P2X 2 /P2X 3 hetero- 
meric channels (455) (Fig. 12). 
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fig. 12. Individual nodose ganglion neurons express more than one kind of P2X receptor. Graphs show the inhibition 
by TNP-ATP of currents recorded from nodose ganglion cells, elicited by ajS-methylene ATP (A) or by ATP (#). 
Responses at homomeric P2X 3 receptors were desensitized by applying the agonists at 1-min intervals. A: when 
a/3-methylene ATP is the agonist, the inhibition curve by 2',3'-0-(2,4,6-trinitrophenyl)-ATP (TNP-ATP) is monophasic 
(consistent with a single class of P2X 2r3 receptors). The IC 50 for TNP-ATP is ~~3 nM. B: when ATP is the agonist, the 
inhibition curve by TNP-ATP is biphasic, indicating more than one class of receptor. The fits to the three individual cells 
shown indicate ~35% high affinity (IC 6{> 3 nM) and 65% low affinity (IC 60 3 /xM) forms. Broken lines indicate the inhibition 
curves for TNP-ATP at HEK293 cells transfected with P2X 2/J or P2X 2 receptors, taken from separate experiments. [From 
Thomas et al. (455).] 



ATP-evoked currents in rat nodose ganglion cells are 
inhibited by magnesium (IC 50 — 1 mM) (278) and potenti- 
ated by zinc (up to ~ 5-fold; EC 50 —10 /xM)(276), copper 
(280), and protons (277). Zinc and protons do not appear 
to act at the same site (277), which correlates well with 
recent work using mutagenesis on the cloned rat P2X 2 
receptor (74) (see sect. wBl). 

3. Cell bodies in dorsal root ganglia 

Dorsal root ganglion cells of the bullfrog were thor- 
oughly studied by Bean et al. (17-19). The currents de- 
velop within 8 ms at saturating ATP concentrations (100 
jitM), which was the limit of the solution exchange around 
an intact neuron. Careful concentration-response curves 
suggested "that the binding of at least three molecules was 
required to open the channel. The currents exhibited 
strong inward rectification and in excised patches had an 
underlying unitary conductance of —5 pS. Further phar- 
macological studies were carried out by Li, Weight, and 
colleagues (279, 281, 282). ATP elicits inward currents in 
acutely dissociated bullfrog cells (EC 50 ~5 jaM), which 
are mimicked by 2-MeSATP (EC 50 -3 ptM), and apmeATP 
(EC 50 -30 /ulM) (281, 282), potentiated by protons (282), 



and inhibited by zinc (IC 50 ~50 /llM, Ref. 281).- This inhi- 
bition by zinc stands in contrast to the potentiation that is 
observed at mammalian P2X receptors, native (73) or 
cloned (511). The inhibition by zinc is prevented by treat- 
ment with dithiothreitol (281), suggesting that free sulf- 
hydryl groups on the receptor may contribute to the zinc 
binding site; this is particularly interesting in view of the 
fact that all the P2X receptors have 10 conserved cys- 
teines in their ectodomain. 

Rat dorsal root ganglia were studied by Krishtal et al. 
(259) and by Jahr and Jessell (211), and these two reports 
provided the first evidence that ATP directly gates a cat- 
ion-selective channel. More recent reports have at- 
tempted to define the subpopulation of neurons affected 
and to determine what might be the molecular composi- 
tion of the P2X receptor (Table 6). Li et al. (279) used 
soma size and capsaicin sensitivity to classify acutely 
dissociated rat dorsal root ganglion cells. Small cells (<30 
fxm diameter) were sensitive to capsaicin, and- ATP (and 
aj3meATP) evoked rapidly desensitizing currents [time 
constant of desensitization (t (1 ) —300 ms]. Medium-sized 
cells (30-50 fxm) were not affected by capsaicin;- they 
showed a slowly desensitizing (r d —Is) current in re- 



table 6. Summary of effects of a^-methylene ATP on rat dorsal root ganglion cells, acutely dissociated 



Class 


a/3-Mcthylcnc ATP 


Kinetics 


Capsaicin 


Size 


Isolcctin B4 


I • 


Insensitive 




Insensitive 


Large (>50 ftm) 


Negative 


II 


Sensitive 


Sustained 


Insensitive 


Medium (30-50 ^m) 


Positive 


III 


Sensitive 


Transient 


Sensitive 


Small (<30 /xm) 


* Positive 



Proportions of the cells in the different classes differ among studies. Class II probably corresponds to neurons directly innervating lamina V 
cells; class III may correspond to neurons innervating more superficial lamina (see Ref. 322). For kinetics: transient, desensitization time constant 
< 100 ms; sustained, desensitization time constant >1 s. (Data from Refs. 48, 160, 279, 469.) 
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sponse to ATP and a/3meATP. Large cells (>50 /xm) were 
unaffected by capsaicin or ATP. Ueno et al. (469) also 
used capsaicin sensitivity to classify rat dorsal root gan- 
glion neurons; they described the population of capsaicin- 
insensitive cells that gave sustained responses to c*/3meATP 
(EC50 —60 /xM) as well as a population of capsaicin-sensitive 
cells that gave rapidly desensitizing responses to aj3meATP 
(EC 50 -10 /xM). Burgard et al. (49) recorded from cells 
which were stained with isolectin B4; this is a marker of 
a subset of sensory neurons generally thought to be in- 
volved in the sensation of acute pain (312), which is 
known to colocalize with P2X 3 receptor subunits (489). 
They also directly compared the responses with those 
observed in transfected cells. These cells exhibited fast- 
and slow-desensitizing responses; both were mimicked by 
aj3meATP and blocked by TNP-ATP, and it was con- 
cluded that they correspond to P2X 3 homomeric and 
P2X 2 /P2X 3 heteromeric channels, respectively. Responses 
to ATP with either of these kinetic phenotypes are 
blocked by nanomolar concentrations of a>-conotoxin 
GV1A, which is better known for its application to block 
N-type calcium channels (264). 

Dorsal root ganglion cells removed from adults and 
maintained in tissue culture for 1-4 days have ATP- 
evoked currents that are much larger (several nanoam- 
peres) than those observed in acutely dissociated ganglia 
(160); perhaps enzymatic treatment can inactivate the 
P2X receptors, which then need hours or days to reappear 
at the surface. Grubb and Evans (160) found that >80% of 
cells responded with a transient current, mimicked by 
a/3meATP and blocked by TNP-ATP at subnanomolar 
concentrations, and thus resembling a homomeric P2X 3 
receptor. However, many neurons also showed a compo- 
nent that desensitized more slowly, and which could be 
repeatedly evoked with repeated applications of ATP; this 
also suggests that single cells express more than one 
phenotypically distinct P2X receptor. 

Neurons in adult dorsal root ganglia that have not 
been enzymatically dissociated and/or plated into short- 
term tissue culture rarely respond to ATP or a/3meATP 
(437). It remains unclear whether the difference between 
intact ganglia and dissociated cells results from degrada- 
tion of nucleotides in the intact situation, recording con- 
figuration (sharp electrode versus whole cell patch 
clamp), or stimulation of expression after plating onto 
glass coverslips. One explanation for the discrepancy 
might be that the intact ganglia are releasing sufficient 
ATP to desensitize the P2X receptors. For example, ex- 
periments on HL-60 cells showed that no responses to 
ATP could be elicited unless the cells were treated previ- 
ously with apyrase, the interpretation being that the re- 
ceptor could recover from desensitization if extracellular 
ATP was degraded (45). Other explanations might involve 
the influences of cell-cell interaction on P2X receptor 
subunit trafficking to the membrane. 



There have not been systematic studies of the re- 
sponses to ATP on dorsal root ganglion cells at different 
stages of development, but it is noted that results ob- 
tained on neonatal dorsal root ganglion cells sometimes 
differ from those observed in adults. Robertson et al. 
(385) and Rae et al. (375) used cells cultured from 1- to 
6-day-old rats and found a response to ATP that closely 
resembled that seen at the homomeric P2X 3 receptor, 
including activation by 0yme-D-ATP (although not jSyme- 
l-ATP) and Ap5A. Labrakakis et al. (261) found , the two 
main classes of response to ajSmeATP (rapidly desensi- 
tizing and slowly desensitizing), as well as cells with 
mixed responses. 

P2X 3 receptors are expressed immunohistochemi- 
cally only by a subset of primary afferent neurons that has 
been implicated in nociception; these are mostly small- 
diameter cells that express receptors for isolectin B4 and 
capsaicin (TRPV1 vanilloid receptor), which do not con- 
tain the peptides substance P and somatostatin, which 
terminate in the inner part of lamina II, and which are 
dependent for survival on glial-derived neurotrophic fac- 
tor rather than nerve growth factor (36, 60, 169, 489). 
Dorsal root ganglia from P2X 3 knock-out mice show no 
current in response to «j3meATP, consistent with the 
absence of any contribution of a P2X 3 subunit. There was 
a sustained response to ATP in the knock-out mice,* indi- 
cating that other receptors (presumably containing P2X 2 
subunits) functioned normally (76, 433). The absence of 
the P2X 3 receptor subunit from this subset of sensory 
nerves resulted in several phenotypic changes: 1) reduced 
nociceptive behavior to Formalin injection into the paw 
(76, 433), 2) reduced sensitivity to nonnoxious "warming" 
stimuli (433), 3) enhanced thermal, hyperalgesia in 
chronic inflammation (76, 433), and 4) diminished reflex 
response to bladder distension (76, 486). The impairment 
of reflex bladder emptying confirms suggestions (127) 
that ATP released from the urothelium onto nearby pri- 
mary afferent fibers is an initial stimulus leading from 
bladder filling to reflex autonomic emptying (486). It will 
be interesting to determine whether a similar ATP-depen- 
dent mechanism pertains in other hollow viscera such as 
gallbladder, intestine, and ureter. 

The suggestion that ATP is released in conditions of 
inflammation has prompted examinations of its effects on 
the dorsal root ganglia that innervate inflamed tissues and 
interactions with the effects of other inflammatory medi- 
ators. Xu and Huang (512) showed that the responses of 
dorsal root ganglion cells removed from rats with in- 
flamed paws were very similar to those from control rats, 
except that the currents were two to three times larger. 
There was also an upregulation of the amount of P2X 2 and 
P2X 3 proteins expressed by Western blotting. Substance P 
and bradykinin are potential inflammatory mediators; in 
oocyte expression, activation of these receptors can in- 
crease ATP-evoked currents at coexpressed P2X 3 and 
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P2X2/3 receptors (364), perhaps through receptor phos- 
phorylation. 

Further interactions have been reported between 
P2X receptors and other receptors on dorsal root ganglion 
cells. The more sustained responses to ATP of dorsal root 
ganglion cells, presumably mediated by the P2X 2/3 hetero- 
mer, were decreased after treatment in vitro with a de- 
sensitizing concentration of capsaicin (369). This cross* 
desensitization was one way; responses to capsaicin were 
unaffected by prior treatment with ATP. It also required 
extracellular calcium and was blocked by intracellular 
BAPTA, leading to the conclusion that calcium entry 
through the activated capsaicin receptor led to the reduc- 
tion in current through the P2X receptor. A related obser- 
vation has been described by Sokolova et al. (425); they 
concluded that calcium entry through the activated ATP 
receptor inhibited currents at GABA A receptors and that 
chloride efflux through GABA A receptors inhibited cur- 
rents at P2X receptors. 

The increasing recent evidence for a role of ATP in 
initiating or enhancing inflammatory pain (175, 213, 467), 
taken together with the P2X 3 knock-out experiments (76, 
433) and P2X 3 antisense oligonucleotide administration 
(192), strongly point to activation of the P2X^ 3 hetero- 
meric receptor being a critical early step in some aspects 
of pain sensation. Those expressed on capsaicin-sensitive 
C fibers include both rapidly desensitizing homomeric 
P2X 3 receptors and slowly desensitizing heteromeric 
P2X2/3 receptors; those expressed on capsaicin-insensi- 
tive AS fibers are heteromeric P2X^ receptors (Fig. 11). 

4. CeU bodies in trigeminal ganglia 

Cook et al. (84) showed that trigeminal ganglion 
neurons with projections from the tooth pulp, and there- 
fore presumed to be functionally nociceptive, had re- 
sponses to ATP and «0meATP. In some cells (28%), 
a/3meATP elicited a rapidly desensitizing current, and in 
others (55%) the current was more sustained; this sug- 
gests that identified tooth pulp afferents may express 
channels as P2X 3 homomers or as P2X^ 3 heteromers. In 
marked contrast, neurons with cell bodies in the mesen- 
cephalic nucleus of the Vth nerve (i.e., mechanosensitive 
Vth nerve primary afferent cells) responded to ATP but 
not a/3meATP, indicating the absence of a P2X 3 subunit. 
Cells with the transient, rapidly desensitizing current 
showed a surprising effect of increasing the extracellular 
calcium concentration (from 1 to 10 mM) (83). This in- 
creased the amplitude of the current; other multivalent 
cations were also effective, particularly gadolinium which 
acted at 10 /xM. The effect of increasing the calcium 
concentration was remarkably long lasting; when the cal- 
cium concentration was raised to 10 mM for 2 min before 
(but not during) the ATP application, the effect of a 
subsequent ATP application was still enhanced. These 



experiments suggest that there is a relatively high-affinity 
calcium (and gadolinium) binding site on the receptor 
ectodomain which, when occupied, enhances the ATP- 
induced current. The enhancement appears to result from 
an increased rate of recovery from desensitization. 

5. Cell bodies in visual and auditory sensory ganglia 

Ganglion cells cultured from rat retina responded to 
ATP, although amacrine cells did not (450). The iriward 
current evoked by ATP (EC 50 —10 /xM) was also evoked 
by ADP and <x/3meATP; it showed marked inward rectifi- 
cation and was carried by calcium as well as sodium ions 
(P Ca /P Cs = 2.2). The heterogeneity in terms of the effec- 
tiveness of aj3meATP, and block by suramin, led the 
authors to conclude that more than one type of P2X 
receptor was expressed by the cells. The overall signifi- 
cance of these observations for retinal function is not yet 
clear, although it is known that ATP can be released'from 
chick cholinergic amacrine-like cells (398). Primary affer- 
ent auditory neurons of the spiral ganglion exhibit inward 
currents typical of P2X receptors; these neurons are the 
cell bodies of auditory afferent nerves (397). . 

G. Epithelia and Endothelia 

There is considerable evidence for autocrine/para- 
crine actions of ATP in epithelia, but for the most part 
these are thought to involve activation of P2Y receptors 
(liver, Ref. 403; pituitary, Ref. 61). There is, however, 
extensive evidence for the expression of functional P2X 
receptors on these tissues and in certain places (e.g., 
airway epithelia, kidney, vascular endothelium, ducted 
glands) key physiological roles are now being proposed. 

L Airway epithelium 

Dissociated airway epithelial cells exhibit . currents 
typical of P2X receptors. These are seen in freshly iso- 
lated tissue from rabbit airway (254, 297) as well as 
several other, epithelial cell lines (453). In the case of the 
airways, considerable evidence implicates the P2X 7 sub- 
unit. The membrane currents are nondesensitizing and 
develop faster onset kinetics with repeated application 
(254), BzATP is more potent than ATP at causing a sus- 
tained increase in [Ca 2 , ']i (297), and extracellular sodium 
strongly inhibits the ATP response (293). Ciliary beat 
frequency increases as a result of calcium entry through 
the P2X receptor, and this effect is much enhanced at low 
extracellular sodium concentrations (293). The physiolog- 
ical implication is that locally released ATFJ, perhaps 
trapped by the mucus layer, acts back on P2X receptors to 
increase ciliary beat frequency. . 
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2. Lacrimal gland 

ATP activates 25-pS cation-selective channels in 
mouse (143, 399, 400) and rat (478) lacrimal acinar cells. 
A high concentration of ATP was required (>300 yM) to 
open the channels, but no further ATP analogs were 
tested that might help to identify the receptor involved. 
Procedures that activate protein kinase A within the cell, 
such as including the catalytic subunit of protein kinase A 
in the recording electrode, significantly potentiated the 
current. Because this effect was also seen in outside-out 
patches, it was considered that direct phosphorylation of 
the (P2X) channel by protein kinase A was the most likely 
interpretation (400). These experiments have been inter- 
preted in the framework of corelease of ATP with norepi- 
nephrine from sympathetic nerves innervating the gland, 
in much the same way that ATP is coreleased with sym- 
pathetic nerves to certain smooth muscle effectors such 
as mesenteric arterioles and vas deferens. 

3. Salivary glands 

There has been substantial work on parotid acinar 
cells since the original observation by Gallacher (143) that 
ATP activates a rapid inward current. The channels are 
approximately equally permeable to sodium, potassium, 
and cesium and have P C JP K of 2.3. Parotid acinar cells 
show an increase in [Ca 2 1 ] x in response to ATP which 
depends on the presence of extracellular calcium (478); 
the pharmacological properties of the response were con- 
sistent with the involvement of P2X 4 and P2X 7 subunits 
(e.g., EC 50 for BzATP was 3 /xM; Ref. 428), and these 
mRNAs but not others are expressed by the cells (454). 
The acini of submandibular glands isolated from rat ex- 
hibit responses to ATP and analogs that closely resemble 
those of cloned P2X 4 receptors, most notably the insen- 
sitivity to blockade by suramin (44). In the ductal cells, 
there is evidence for a P2X r like receptor that couples to 
kallikrein secretion through two phospholipase A 2 en- 
zymes (5). 

4. Exocrine pancreas 

Duct cells of the exocrine pancreas express abun- 
dant P2X 4 and P2X 7 receptor mRNAs (182, 291), and 
luminal application of ATP and BzATP elicits a large 
depolarization with conductance increase (182). The lim- 
ited concentration range of agonists used make it difficult 
to infer which subunits contribute to the receptor. On the 
same cells, activation of P2Y receptors by UTP caused a 
reduction in potassium conductance; on the basis of 
[Ca 2+ ] i measurements, P2Y receptors appear to be ex- 
pressed on both luminal and basolateral membranes 
(291). Sorensen and Novak (429) have recently shown by 
direct measurement that ATP is released (by carbachol) 
from pancreatic acini and suggest that this may provide 



the source of the ATP that reaches and activates P2X 
receptors on the duct cells (429). A resultant alteration in 
the properties of the duct cells might then have significant 
consequences for the composition of the pancreatic juice, 
but this is not fully understood. 

5. Liver 

Capiod (54) showed that ATP activates' a cation- 
selective current in isolated guinea pig hepatocytes; the 
concomitant P2Y response that was otherwise present 
was blocked by intracellular EGTA. Low concentrations 
of ATP (~1 /mM) were effective, and a/3meATP was about 
one-third as effective as ATP (at maximal 100 /xM con- 
centration) ATP. The conductance declined over a time 
course of several seconds. The current could also be 
carried by divalent cations, although the permeability of 
the substituting monovalent ion (NMDG) was not directly 
tested. The receptor is unusual in its high sensitivity to 
ATP, and the properties do not coincide with any of those 
yet studied by heterologous expression. 

6. Anterior pituitary gland 

An autocrine/paracrine role for ATP has been shown 
in the anterior pituitary. P2X 2 receptors are abundantly 
expressed in the pituitary gland (488), and this was the 
source used to clone the human P2X 2 receptor cDNA 
(292). P2X 7 receptors predominate on lactotrophs, 
whereas P2X 2 subunits are the only ones found on gona- 
dotrophs and somatotrophs (see Ref. 439). In GH 3 cells, 
ATP (but not c^meATP) elicits a nondesensitizing inward 
cation current, and this shows a progressive increase in 
permeability to NMDG; BzATP (EC 50 -30 fjM) is consid- 
erably more effective than ATP (EC 50 —1 mM), suggesting 
the involvement of a P2X 7 receptor (68). 

7. Endocrine pancreas 

The P2X4 receptor cDNA was cloned from a rat pan- 
creatic islet cDNA library, and insulin-secreting cell' lines 
express P2X 4 receptors. Beta cells also release ATP, as 
detected with a nearby biosensor comprising P2X 2 recep- 
tors expressed on PC 12 cells on a whole cell recording 
pipette held nearby (181). ATP depolarizes beta cells, 
increases [Ca 2+ ]j, and promotes insulin release, but the 
receptors involved and other mechanistic aspects have 
not been worked out (283). 

8. Renal epithelium 

Schwiebert and Kishore (408) have recently reviewed 
the possible roles of P2X receptors in renal epithelium. 
Studies in renal epithelial cells lines (LLC-PI^ ceils, Ref. 
136; mIMCD-K2 cells, Ref. 302) show the expression of 
several P2X receptors, and very high concentrations of 
ATP will induce apoptosis in rat cultured mesangial cells 
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(405). A cell line derived from mouse distal convoluted 
tubule cells expresses several P2X receptors (93). Appli- 
cation of ATP and some P2X-selective analogs inhibit 
magnesium uptake by the cells. A cohesive account of the 
functional role of P2X receptors in renal epithelium is 
awaited. As for the ducted glands, it will be important to 
test the hypothesis that ATP released into the lumen of 
the nephron has effects on luminal P2X receptors further 
along the nephron. The involvement of P2X receptors in 
paracrine signaling in the juxtaglomerular apparatus is 
presented elsewhere (see sect. vHS). 

9. Sertoli cells 

Extracellular ATP rapidly depolarizes Sertoli cells, 
increasing both [Na + ]j and [Ca 24 " ], (140, 391), and this is 
consistent with the expression of P2X receptors in testis 
(290, 449). Isolated Sertoli cells secrete estradiol when 
stimulated with ATP; this requires extracellular sodium 
(although not calcium), suggesting that it more likely 
results from P2X rather than P2Y receptor activation. 

10. Vascular endothelium 

Ando and colleagues (514) have shown that exoge- 
nous ATP elicits an increase in [Ca 2+ ] t in vascular endo- 
thelial cells (514). They showed by RT-PCR that P2X 4 was 
by far the most abundantly expressed subunit in the cells. 
This expression could be reduced to —25% of control by 
treatment with antisense oligonucleotides, and such treat- 
ment also much reduced the component of the increase in 
[Ca 24 *]i that resulted from calcium entering the cell 
through P2X receptors. Because shear stress also causes 
an increase in [Ca 2t ']j, they hypothesized that this might 
result from an autocrine action of ATP. In support of this, 
they found that the shear stress-induced increase in 
[Ca 2 *]| was also much inhibited by anti-P2X 4 oligonucle- 
otides (513). The transcription of P2X4 receptor genes 
(among others) is reduced by chronic shear stress, and 
this involves the transcription factor Spl. This was shown 
by transfecting bovine endothelial cells with a construct 
containing the P2X 4 promoter (either wild type or with 
Spl binding site mutated) upstream of a luciferase re- 
porter (253). 

11. Retinal epithelium 

The pigment epithelium of the rat retina also re- 
sponds to ATP with an inward current and a rise in 
intracellular calcium (395); the current has many features 
of a P2X receptor (cation selectivity, rapid-onset kinet- 
ics), but the pharmacological characterization is not suf- 
ficient to the make conclusions regarding the likely sub- 
type. 



12. Cochlea 

The P2X 2 subunit and several of its splice variants 
were cloned from cochlea. There is evidence from record- 
ing membrane currents and/or imaging [Ca 2+ ]j for actions 
of ATP at P2X receptors on several cellular elements of 
the cochlea, including inner and outer hair cells (7, 320), 
cells of Reissner's membrane (separating the endolymph 
and perilymph, Ref. 246), Hensen's (262) and Deiter's 
(196) cells (which support the outer hair c£lls), stria 
vascularis (204), and spiral ganglion neurons (auditory 
primary afferent cells; see sect. vF5). In several of these 
studies, the P2X receptors have also been localized by 
immvmohistochemistry, at the light and electron micro- 
scope level. The possible physiological roles for ATP in 
cochlear function have recently been reviewed (193, 194). 

13. Skin 

The skin of the larval bullfrogs responds to ATP 
applied to the apical surface. A sodium-dependent short- 
circuit current develops within a few hundred millisec- 
onds and then desensitizes (90). The current occurs with- 
out change in intracellular calcium, and several features 
of the current are more typical of P2X rather than P2Y 
receptors (90, 91). A similar current has been reported for 
frog skin (42). A receptor cloned from tadpole (Ra,na 
catesbeiand) skin RNA is most similar in sequence to the 
P2X 5 family (214). When this cDNA was expressed in 
Xenopus oocytes, the currents had features of both P2X 5 
and P2X 7 receptors, including propidium uptake. It is not 
really understood why tadpoles would respond to 'ATP; 
the suggestions of the authors range from detection of 
predators releasing ATP into the pond water to a role for 
locally released ATP trapped by a surface layer of mucus 
in the apoptotic death that occurs during metamorphosis. 

It is interesting therefore that rat skin also expresses 
both P2X 5 and P2X 7 (but not other) receptor subunits 
(159), and human skin fibroblasts express P2X 7 receptors 
(426). In the case of the human fibroblasts, ATP and 
BzATP evoke depolarization (as measured with a po- 
tential-sensitive bisoxonol dye) as well as calcium and 
YO-PRO-1 uptake (401, 426). 

H. Skeletomuscular Tissues 

i. Bone 

ATP stimulates bone resorption by osteoclasts (314). 
In rabbit osteoclasts, ATP and ATP7S induce a qation 
current with many of the properties of heterologously 
expressed P2X 4 receptors, including rate of desensitiza- 
tion, potentiation by zinc, and insensitivity to suramin 
(318, 492). The inward current is followed by an outward 
potassium current, and this could be activated in isolation 
by adenosine 5'-0-(2-thiodiphosphate) (ADP/3S) or UTP, 



Physiol Re\) • vol 82 • October 2002 • www.prv.org 



1050 



R. ALAN NORTH 



indicating the involvement of a P2Y receptor. A fragment 
of the rabbit P2X 4 receptor mRNA was amplified from the 
osteoclasts, and together with the pharmacological profile 
it appears that the ATP increases bone resorption by 
activating a receptor containing P2X 4 subunits. However, 
osteoclasts also express P2X 2 and P2X 7 subunits, as well 
as P2Yj and P2Y 2 receptors (34, 35). In the case of the P2Y 
receptors, the pharmacological profile (ADP is effective 
but UTP is not) suggests that activation of P2Yj recep- 
tors is responsible for stimulation of bone resorption 
(188, 189). 

Some osteoblasts and osteoblast-like cells appear to 
express P2X 7 receptors. Application of BzATP to osteo- 
sarcoma cell lines (SaOS-2) and primary human bone- 
derived cells leads, in a subset of cells, to ethidium up- 
take, dramatic morphological changes, and eventual cell 
death (TUNEL staining and release of lactate dehydroge- 
nase) (151). Osteoblasts also express several types of P2Y 
receptor (see Ref. 101). 

2. Skeletal muscle 

Some of the first evidence that ATP (1-10 >M) di- 
rectly gated ion channels was provided by recordings 
from 11-day-old chick embryonic skeletal myoblasts 
(43-pS single-channel conductance) and myotubes (48- 
and 30-pS conductances) (252). Similar effects were sub- 
sequently described for embryonic Xenopus muscle (60- 
and 41-pS conductances, Ref. 203). Thomas and Hume 
(456) recorded from myoballs cultured from 12-day-old 
chick embryos and reported that the ATP-activated chan- 
nels were permeable to both cations and anions; the 
effect of ATP progressively disappears during embryonic 
life (from day 6 to day 1 7) but reappears in the adult after 
denervation (494). In adult rat muscle fibers, somewhat 
higher concentrations of ATP have been reported to in- 
crease the activity of nicotinic acetylcholine receptor 
channels (315). These observations take on particular 
interest in view of the abundance of P2X 5 and P2X(> im- 
munoreactivity in chick myoblasts (which disappears as 
myotubes form, Ref. 306), the cloning of the chick P2X 5 
receptor from 10-day chick embryo skeletal muscle (28, 
393, 394), and the recognition that the human P2X 6 recep- 
tor is heavily expressed in skeletal muscle (471). It is 
intriguing that the homomeric P2X 5 receptor is also sig- 
nificantly chloride permeable (394); comparison of the 
single-channel and pharmacological properties might in- 
dicate whether the native receptor comprises homomeric 
P2X 5 subunits or is a P2X 5/6 heteromer. 

3. Smooth muscle 

A) vas deferens and bladder. Although the P2X X receptor 
protein has a fairly widespread tissue distribution, it is 
best known for its high level of expression in smooth 
muscle tissue. This is because the vas deferens was the 



original tissue for which ATP was proposed, to be the 
main sympathetic transmitter (52, 50), and it was also the 
tissue for which this proposal was first substantiated 
electrophysiological^ by the use of aj3meATP as a desen- 
sitizing antagonist (424) and suramin (423) and PPADS 
(265, 303) as antagonists. Vas deferens or bladder re- 
moved from mice bred with a disrupted P2Xi receptor 
gene show no contractions or inward currents when ATP 
is applied; they show no excitatory junction potential in 
response to stimulation of the sympathetic nerves to the 
vas deferens (316, 477). These mice have much reduced 
fertility, resulting from a reduced sperm count in the 
ejaculate, implying that the vigorous neurogenic contrac- 
tion of the vas deferens plays a key role in normal ejac- 
ulatory function. These experiments indicate conclusively 
that the P2Xj subunit is an essential component of the vas 
deferens P2X receptor. The results do not establish that 
the native receptor on smooth muscle cells is a homo- 
meric P2Xi form, as distinct from a heteromeric receptor 
containing one or more P2X : subunits. However, there are 
many similarities between the properties of the homo- 
meric P2X X receptors in heterologous expression systems 
and those of the P2X responses observed in vas deferens 
smooth muscle. These include sensitivity to aj3meATP, 
desensitization (236), single-channel properties (119, 
331), and the effects of the somewhat selective antagonist 
Ip5I (197, 242). 

Calcium ions contribute —6% of the inward current 
evoked by ATP in bladder smooth muscle cells (404). The 
relative amounts of calcium entering through voltage- 
gated calcium channels and P2X receptors were com- 
pared by measuring [Ca 2 "^. The calcium entry elicited by 
ATP (50 juM, -60 mV) changed [Ca 24 ^ from 130 to 730 
nM, which was sufficient to inhibit profoundly the inward 
calcium current through the voltage-gated (L-type) cal- 
cium channels in the same cell. 

B) vascular smooth muscle. Arteries of the ear, tail, and 
mesentery have been extensively studied. The first re- 
ports that P2X receptors were permeable to calcium came 
from patch-clamp studies on the rabbit ear artery (21), 
and Ramme et al. (378) and Evans and Surprenaht (123) 
provided conclusive evidence that ATP was the transmit- 
ter from sympathetic nerves to mesenteric arterioles. The 
receptor pharmacology seems very similar to the homo- 
meric P2X t receptor (273, 275, 378, 524). TNP-ATP blocks 
the currents in dissociated mesenteric smooth muscle 
cells at a concentration of —2 nM, and this is consistent 
with a P2Xj receptor. However, in the intact tissue, the 
contraction elicited by aj3meATP was. blocked only by 
concentrations some 10,000 times higher. This difference 
might result from the TNP-ATP being broken down \n the 
intact tissue (275), or it could be because the receptor 
activated by nerve-released ATP has a different subunit 
composition (and hence TNP-ATP sensitivity) than the 
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receptor activated by exogenous agonists applied to dis- 
sociated cells (see Ref. 447). 

Human saphenous veins respond to ATP with an 
inward current and rise in [Ca 2 *^ (56, 289). By RT-PCR 
they express mRNA for P2Xj and P2X 7 subunits, but not 
P2X 3 ; other subtypes were not examined. The veins are 
contracted with either a/3meATP or BzATP (10-100 jxM), 
but the inward currents elicited by the two agonists are 
quite distinct. a)3MeATP activated a rapidly (t ~1.4 s) 
desensitizing current, but BzATP evoked a current that 
desensitized little even in 3 min. BzATP was still effective 
in the sustained presence of a/3meATP, indicating the 
activation of distinct sets of receptors. In parallel exper- 
iments, P2Xi and P2X 7 subunits were coexpressed in COS 
cells, and the results were very similar: no currents were 
observed that could not be accounted for by the sum of 
those seen in COS cells expressing only P2Xi subunits 
and COS cells expressing only P2X 7 subunits. The sim- 
plest interpretation of these results is that saphenous 
veins express independent (homomeric) P2X : and P2X 7 
receptors. 

P2X! receptors appear to be principally involved in 
the inward current and calcium entry in rat portal vein 
myocytes (310). The effect of ATP is mimicked by 
a/3meATP (0.1-100 /aM) and, most convincingly, the in- 
ward current is not seen in cells recorded with pipettes 
containing an anti-P2X! subunit antibody. The calcium 
that enters the cells through P2X t receptors elicits further 
calcium release from intracellular stores. Confocal mi- 
croscopy showed that these stores were distinct from 
those accessed by calcium entering through voltage-gated 
channels, and application of intracellular antibodies indi- 
cated involvement of ryanodine receptors type 2 but not 
type 3 receptors. 

In the kidney, the smooth muscle cells of the preglo- 
merular arterioles express P2X! receptors, but these are 
not seen on the postglomerular arterioles (58). When 
a/3meATP is applied, these cells show a rise in [Ca 2+ ]| and 
contract; this requires extracellular calcium and is revers- 
ibly blocked by NF279 (207). Under normal conditions, 
most of the calcium that enters the cells appears to do so 
through voltage-gated L-type calcium channels activated 
by the P2X receptor-induced depolarization (497). It has 
been proposed that a paracrine action of ATP contributes 
to the tuberoglomerular feedback in renal vascular auto- 
regulation (see Ref. 336). According to this hypothesis, 
ATP released from the macula densa results in the con- 
striction of preglomerular afferent arterioles. 

C) gastrointestinal smooth muscle. The toad stomach has 
been studied by Singer and colleagues (470, 525). ATP 
activates a nondesensitizing, nonselective cation current 
in isolated cells, and this has many of the pharmacological 
characteristics of a P2Z or P2X 7 receptor. In the same 
cells, this cation current was followed by a potassium 
current; this had the same pharmacological properties 



with respect to the ATP, but it was not wholly due to 
calcium entering through the P2X channel. The potassium 
channels involved were identified as fatty acid activated 
channels, suggesting that activation of the P2X 7 receptor 
resulted in the generation of a lipid second messenger. 

4. Cardiac muscle 

The actions of ATP on the heart have recently been 
reviewed by Vassort (474) and are therefore presented 
very briefly here. ATP activates a cation conductance in 
isolated myocytes from frog atrium (139); rat (67), rabbit, 
and guinea pig (187, 360) ventricle; and rabbit sinoatrial 
node (415). Many of the properties of the currents de- 
scribed are consistent with the involvement of a P2X 
receptor, and the ineffectiveness of ajBmeATP (139, 360, 
415) might point to P2X 2 - or P2X 4 -containing subtypes. 
There is immunohistochemical evidence for several P2X 
receptors in rat cardiac myocytes (177, 488), and mRNA 
for P2X b P2X 2 , P2X 4 , and P2X 5 receptors can be found in 
rat (146, 345, 431) or human heart (96). 

ATP increases the force of contraction of isolated 
cardiac muscle fibres (371) and of intact heart (305). This 
effect is mimicked by 2-MeSATP but not a£meATP and 
insensitive to block by suramin (371), consistent' with 
involvement of a P2X 4 receptor. Similar results have re- 
cently been reported for chick myocytes, with the addi- 
tional observation that the effects of ATP were lost in 
cells treated with oligonucleotides antisense to the chick 
P2X 4 receptor RNA (198). It is now important to deter- 
mine whether calcium entry through the P2X 4 receptor is 
essential for the increased force of contraction, as well as 
uncovering the source of the extracellular ATP under 
more physiological circumstances. 

I. Hemopoietic Tissue 

L Mast cells 

ATP degranulates and releases histamine from mast 
cells, and it stimulates the labeling of phosphaiidylinosi- 
tol; these effects require extracellular calcium and occur 
within minutes (77-79). ATP also causes leakage from the 
cells of intracellular nucleotides and phosphorylated me- 
tabolites; this action occurs only with longer exposure to 
ATP and does not require calcium. Cockcroft and Gom- 
perts (79) studied the actions of ATP in a range of calcium 
and magnesium concentrations and concluded that all 
three actions resulted from activation of the same recep- 
tor and that ATP 4 " was probably the active ligand. In 
these experiments, as in all subsequent studies' of this 
kind, the interpretation that the active ligand is ATP 4 " 
rests on the assumption that the only effect of altering the 
concentrations of extracellular magnesium and calcium is 
to change the concentrations of the various forms of ATP. 
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Cell permeabilization by ATP was further character- 
ized by Bennett et al. (22) and Tatham et al. (451), who 
used it to load mast cells with molecules up to 600-1,000 
Da in molecular mass. Gordon (154) suggested that this 
receptor be termed the P2Z receptor. The only detailed 
electrophysiological study was by Tatham and Lindau 
(452).. They showed that ATP evoked an inward current 
that, developed with the time course of the solution ex- 
change (—100 ms). In the absence of divalent cations, the 
ECgo for ATP was -20 /xM (i.e., the ATP 4 " concentra- 
tion). There was little decline in the current during appli- 
cations of several minutes. The maximal conductance 
increase evoked by ATP was very large, up to 50 nS, and 
the current-voltage plot was close to linear. Experiments 
in which the extracellular concentration of both sodium 
and chloride were reduced to one-fifth showed that the 
permeability increase involved both cations and anions 
("weak cation selectivity"), but the possible permeability 
to larger organic cations was not directly examined. 

Osipchuk and Cahalan (350) showed that ATP re- 
leased from one mast cell could diffuse several tens of 
micrometers to elicit rises in [Ca 2 * ]j in surrounding cells. 
However, as for similar paracrine signaling reported in 
the liver (403) and among glial cells (85, 170), this seems 
to involve P2Y rather than P2X receptors. 

2, Macrophages and related cells 

Several measures of the action of extracellular ATP 
have been applied to macrophages and related cells (e.g., 
the mouse cell line J774, human monocytes and mono- 
cyte-derived macrophages, the human monocyte ceil line 
THP-1, microglia, mouse microglia NTW cells, human 
macrophage cell line U937, mouse macrophage cell line 
BAC1.2F5, and human monocyte-derived dendritic cells). 
These include membrane current (43, 47, 63, 87, 118, 171, 
227, 268, 332-335, 344, 380, 446, 484), increase in [Ca 2+ ]i 
(23, 88, 132, 157, 202, 402, 406), uptake of fluorescent dyes 
(65, 168, 184, 185, 202, 402, 427, 438, 444, 446), membrane 
blebbing or other morphological change (80), spontane- 
ous cell fusion (65, 125), interleukin processing and re- 
lease (43, 129, 130, 155, 158, 366), activation of NF-kB 
(131, 133), killing of Mycobacterium tuberculosis (260, 
267, 422), activation of p38 MAP kinase (186), activation 
of phospholipase D (111, 112, 200), formation of multinu- 
cleate giant cells (65, 125), and various measures of cell 
death (see Ref. 100). 

Evidence for the involvement of the P2X 7 receptors 
in these effects is substantial. This usually takes the form 
of i) effective concentrations of ATP are in the hundreds 
of micromolar, 2) BzATP is 10- to 100-fold more effective 
than ATP, and 3) the responses to ATP and BzATP are 
much increased by reducing the concentration of extra- 
cellular divalent cations. Further evidence comes from 
the use of antagonists. The most commonly used are 



oxidized ATP (although this is not selective for P2X 7 
receptor; see Ref. 348) and KN-62; blockade of responses 
by a monoclonal antibody has also been reported (43). 
The most useful antagonist now available, at least for rat 
P2X 7 receptors, is Brilliant Blue G (215). The most defin- 
itive way to show P2X 7 receptor involvement, in the 
mouse, is to demonstrate the loss of the effect in a P2X 7 
receptor-deficient mouse; this has been shown* for IL-lj3 
secretion (427). None of these approaches demonstrates 
that the macrophage receptor is a homomeric P2X 7 re- 
ceptor but, because P2X 7 subunits did not interact with 
other P2X subunits in a biochemical assay (462), it is 
often assumed that this is the case. 

a) membrane currents. There are many similarities be- 
tween the properties of the whole cell current observed in 
J774 cells and in heterologously expressed P2X receptors 
when ATP or BzATP is applied; in addition to those 
mentioned above, these include cation selectivity, lack of 
rectification, little or no desensitization over tens of sec- 
onds, and progressive increase in permeability to NMDG 
(446). On the other hand, rat peritoneal macrophages 
were found to be impermeable to Tris, at least with a low 
ATP concentration (3.5 fjM applied for 10 s) (332); con- 
centrations above 500 fjM were reported to "permeabil- 
ize" the cells, but no details of this are provided (332). A 
conductance that has properties very similar to. that acti- 
vated by ATP can also be activated by including 
guanosine 5'-0-(3-thiotriphosphate) (GTPyS) in the re- 
cording pipette (333, 334). Coutinho-Silva et al. (86) used 
mouse peritoneal macrophages and described the. activa- 
tion by ATP of a 7.8-pS channel that did not discriminate 
among cations. A similar channel in thymic reticulum 
macrophages had a conductance of 5 pS. 

Coutinho-Silva et al. (87) made cell-attached record- 
ings from mouse peritoneal macrophages and J774 cells. 
They were able to activate single channels in the mem- 
brane patch by applying ATP to the rest of the cell (i.e., 
away from the patch-clamped membrane). This action of 
ATP had all the hallmarks of P2Z or P2X 7 receptor in- 
volvement. These results imply that an intracellular sec- 
ond messenger liberated by P2X 7 receptor activation is 
able to activate channels under the patch-clamp elec- 
trode. The unitary currents recorded were very large, with 
linear current-voltage relations corresponding to conduc- 
tances of —400 pS. Unitary currents of broadly similar 
properties were seen with Tris or NMDG as the main 
cation, or glutamate as the main anion, in the pipette. The 
currents required several seconds to activate and acti- 
vated much more quickly at higher temperatures (30- 
37°C). Unfortunately, in such experiments when activity 
is recorded in the cell-attached configuration, it is difficult 
to conclude that the second messenger is liberated by a 
process specific to P2X receptors, rather than simply by 
the membrane depolarization or calcium entry that fol- 
lows P2X receptor activation. 
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Microglia from the brain of neonatal mice (171) and 
rats (484) clearly show two discrete currents in response 
to ATP. At concentrations lower than 100 /xM, ATP acti- 
vates an inward current that i) reverses at —0 mV and 
shows inward rectification, 2) desensitizes during several 
seconds, and 3) is not blocked by oxidized ATP (300 fxM). 
At a concentration of 3 mM, ATP activates a current that 
i) reverses at — 0 mV but shows no rectification, 2) does 
not desensitize during tens of seconds, and 3) is 90% 
blocked by oxidized ATP (484). These observations 
strongly suggest that the cells express two sets of P2X 
receptors; the first has properties similar to homomeric 
P2X 2 or P2X 4 reeptors, and the second resembles homo- 
meric P2X 7 receptors. A microglia-derived cell line 
(NTW8) exhibits currents with several pharmacologcal 
features of P2X 7 receptors (63). The kinetics and ampli- 
tude of the currents change with repeated application; in 
low concentrations of divalent ions, the currents elicited 
by ATP increase in amplitude with repeated applications 
(63). However, human monocyte-derived macrophages 
cultured for 5-7 days appear to show mostly the P2X2/ 
P2X,,-like current component (118). 

B) uptake of calcium and fluorescent dyes. There are sev- 
eral reports of calcium (or barium) entry elicited by ATP 
and analogs, and these generally have the features ex- 
pected of P2X 7 receptor activation (157, 126, 132, 311, 
406). Uptake of ethidium and YO-PRO-1 has also been 
extensively studied (47, 65, 168, 184, 185, 202, 402, 427, 
438, 444, 446). There is the potential to obtain mechanistic 
information from this type of experiment, by measuring 
the detailed kinetics of uptake and using fluorescent 
probes with a range of molecular sizes. This has not been 
much exploited. 

Nuttle and Dubyak (349) originally provided evi- 
dence that the ionic current activated by ATP in macro- 
phages (the channel) was different in its properties from 
the dye-entry pathway (the pore). Recently, Dubyak and 
colleagues (401, 402) have shown that the "channel" (i.e., 
calcium entry) and the "pore" (i.e., ethidium uptake) in 
THP1 monocytes and fibroblasts can be distinguished in 
several ways. First, maitotoxin activates both pathways, 
as does BzATP at P2X 7 receptors, but the actions of 
maitotoxin do not involve the P2X 7 receptor. Like BzATP, 
maitotoxin exposure eventually leads to cell death (re- 
lease of lactic dehydrogenase). This work strongly sup- 
ports the hypothesis that maitotoxin acting through its 
own yet-unidentified receptor, and ATP acting through 
the P2X 7 receptor, both result in the activation of a com- 
mon pore. If the pore corresponds to the 400-pS channel 
of Coutinho-Silva et al. (87), this suggests the involvement 
of diffusible cytoplasmic messenger. Several candidate 
messengers are suggested by the recent identification of 
proteins in HEK293 cells that interact with the P2X 7 
receptor. These could include phosphatidylinositol 4,5- 
bisphpsphate generated by the action of phosphatidylino- 



sitol-4-kinase, with subsequent activation of phospho- 
lipase D (239). This attractive hypothesis can , only be 
substantiated by the identification of the pore molecule 
itself, as well as the transduction mechanism from the 
P2X 7 receptor. 

O other downstream signals. We have discussed the 
ionic current (channel) and the dye uptake (pbre). Mac- 
rophages and related cells also undergo cytoskeletal re- 
arrangements and release interleukins when activated by 
ATP. In THP1 cells, the former is evidenced by the ap- 
pearance of large membrane blebs (1 to >10 /uim). The 
identification of a-actinin and j3-actin among the proteins 
that associate with the P2X 7 receptor suggests a route to 
membrane blebbing (see sect. wK2) (239). The IL-10 re- 
lease occurs in lipopolysaccharide-primed cells! It has 
recently been shown that this occurs by the shedding of 
microvesicles (<1 /xm diameter) from the cell surface 
(294). These are shed within 10-30 s of applying BzATP, 
as evidenced by i) a reduction in membrane capacitance 
and 2) the release of labeled lipid particles into the me- 
dium. Even within 10 s of applying BzATP, the THP1 ceUs 
"flip" their phosphatidylserine to the outer leaflet of the 
membrane, where it becomes accessible to labeling with 
rhodamine-annexin. The released vesicles also have ex- 
posed phosphatidylserine and can be collected on an- 
nexin-coated beads. Lysis of the vesicles showed them to 
contain IL-1/3, and this was shown to be bioactive by 
adding vesicles to HeLa cells expressing the IL-1 receptor 
coupled to a luciferase reporter assay (294). Convincing 
evidence that the P2X 7 receptor is required for the release 
of IL-10 from lipopolysaccharide-primed macrophages 
has been provided by the complete absence of. any effect 
of ATP in macrophages from P2X 7 receptor knock-out 
mice (427). 

3. Lymphocytes 

Peripheral blood lymphocytes and lymphocytes from 
patients with chronic lymphatic leukemia (CLL) have 
been extensively studied by Wiley et al. (503). Immuno- 
histochemical studies suggest that they express P2X X , 
P2X 2 , P2X 4 , and P2X 7 subunits (419). The expression of 
P2X 7 receptors by B lymphocytes is about one-third that 
observed for peripheral blood monocytes, similar to that 
of NK lymphocytes, and somewhat greater than that of T 
lymphocytes. They have the experimental advantage that 
they show no P2Y responses. The sequelae of activating 
P2X 7 receptors on lymphocytes include 2) increase in 
[Ca 2 * ]i or [Ba 2 , "]i by entry from the extracellular solution 
(163, 504-507), 2) uptake of ethidium or YO-PRO-1 (163, 
504, 505), 3) activation of phospholipase D (128, 149), 4) 
shedding of L-selectin and CD23 (212), and 5) stimulation 
of mitogenesis (14). Each of these effects shows the 
hallmarks of P2X 7 receptor involvement; BzATP is more 
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potent than ATP, and responses are potentiated by mag- 
nesium removal. 

The divalent ion entry is inhibited by extracellular 
sodium (506) and by KN-62 (IC 50 -20 nM)(150) as well as 
by receptor blockers such as oxidized ATP (506). The 
ethidium uptake begins some 30 s after the entry of 
divalent cations, and the delay is longer with lower ago- 
nist concentrations or lower temperatures; it is also po- 
tentiated by reducing the extracellular sodium concentra- 
tion and blocked by KN-62 (150, 505, 508). In these 
respects the properties of human lymphocytes mirror 
closely those of HEK cells (202, 307, 380) and Xenopus 
oocytes (229, 363) expressing P2X 7 receptors (but see 
Refs. 248, 470). 

The activation of phospholipase D and the shedding 
of L-selectin are also inhibited by extracellular sodium 
ions and blocked by KN-62 (IC 50 -10 nM) (149, 150, 165). 
Gargett et al. (149) indicate that phospholipase D activa- 
tion results from the entry of calcium through the P2Z 
receptor, but this is in clear contrast to the findings in a 
mouse macrophage cell line (111). Leukocytes that have 
shed Lrselectin will adhere less well at inflammatory sites 
(153), and it will be important to work out the molecular 
mechanisms that couple the activated P2X 7 receptor to 
L-selectin shedding. One contribution to the loss of L- 
selectin might be the microvesicle shedding recently de- 
scribed for THP1 cells and transfected HEK cells (294). 

Tonsillar B cells as well as human B lymphocytes 
immortalized by Epstein-Barr virus have been studied by 
patch-clamp recordings (41, 298, 299). In both cases, 
BzATP (EC 60 -15 fxM) or ATP (EC 50 -100 /xM) elicited 
opening of a 9-pS channel that was permeable to small 
cations, including calcium, but not to choline. The whole 
cell currents showed little rectification and no desensiti- 
zation during recordings of several minutes. These cells 
show no evidence of developing an increased permeabil- 
ity to larger organic cations, and application of ATP and 
analogs did not lead to the release of intracellular fluo 3. 

Thymocytes include T cells at various stages of mat- 
uration (cd4~cd8~ to cd4*cd8' h ). All classes of cells re- 
spond to extracellular ATP with an increase in [Ca 2+ ]j 
(69), with double positive cells the least responsive. Tins 
[Ca^ + ]j signal results from entry of external calcium 
rather than release from stores (390) and was more pro- 
nounced in the larger, actively dividing thymocytes com- 
pared with smaller terminally differentiated cells (390). 
Freedman et al. (137) patch-clamped mouse thymocytes 
(double positive or double negative) and showed that 
aj3meATP evoked a small rapidly desensitizing current, 
whereas ATP 4- (i.e., ATP in magnesium-free solution) 
elicited a sustained nonselective cation current (and 
[Ca 2+ ]i signal). This suggests the expression of P2X X and 
P2X 7 receptors, and RT-PCR indicated the presence of 
mRNA for P2X b P2X 2 , P2X 6 , and P2X 7 subunits. Because 
PPADS blocked the effects of ATP, they tested the effect 



of more continuous exposure to PPADS on thymocyte 
development. This supported an earlier study in which 
high concentrations of P2X receptor antagonists' pro- 
tected thymocytes from cell death (70). Taken together 
with the fact that the P2X X receptor cDNA (partial) was 
first isolated from thymocytes induced to undergo apo- 
ptosis (353), and the observation that extracellular ATP 
can promote thymocyte death (319, 370), the studies sug- 
gest a possible role for extracellular ATP and P2X recep- 
tors in T-cell selection and maturation (but see Ref. 218). 
Thymocytes do not exhibit any ethidium influx when 
challenged with BzATP (202, 370). 

In T lymphocytes from peripheral blood, extracellu- 
lar ATP stimulates mitogenesis, and the antagonist-oxi- 
dized ATP decreases proliferation (14). This suggested an 
autocrine role for released ATP in the control of cell 
growth. In support of this view, the proliferation in serum- 
free medium of a lymphoid cell line not normally express- 
ing P2X 7 receptors can be sustained by.transfection with 
the receptor. Oxidized ATP again has its antiproliferative 
action in such transfected cells, but not in untransfected 
controls (15). 

In conclusion, the inward current evoked by ATP in 
macrophages and their progenitors, and in lymphocytes, 
can result from activation of P2X receptors that may or 
may not contain the P2X 7 subunit. In those cases where 
the evidence for P2X 7 receptor involvement is the strong, 
the application of ATP may or may not lead to cell "per- 
meabilization"; the increase in permeability to large cat- 
ions (NMDG; and fluorescent dyes such as ethidium and 
YO-PRO-1) is seen in some (mast cells, monocytes/ mac- 
rophages, peripheral blood lymphocytes) but not other (T 
cells, tonsillar B cells) native cells. The most likely expla- 
nation for this is that other molecules are required in 
addition to the P2X receptor to form the dye-permeable 
pathway; these may interact with the P2X recerjtor and 
allow it to increase in diameter, or they may be indepen- 
dent pore molecules activated by an intracellular signal- 
ing pathway initiated from the P2X 7 receptor (Fig. 10). 
The physiological role of this increased permeability to 
large molecules remains as mysterious as it was when 
first described by Cockcroft and Gompert (78) more than 
20 years ago. Several further downstream signaling events 
have been described; it remains to be shown whether 
these are in any way caused by the initial inward current, 
or the permeabilization, or whether they represent addi- 
tional somewhat independent consequences of liganding 
the receptor (see Ref. 239). 

4. Platelets 

Platelets express P2X X subunits (443), and their elec- 
trophysiological response to nucleotides closely resem- 
bles that of homomeric P2X X receptors (295). ADP has 
been known classically as the purine that elicits platelet 
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aggregation, and this is generally believed to involve P2Yj 
and P2Y 12 receptors (see Ref. 16). Controversy persists as 
to whether ADP can activate platelet P2X receptors. A 
recent paper on the characterization of the platelet recep- 
tor drew attention to the dangers of using impure com- 
mercial preparations of nucleotides (296), showing that 
actions ascribed to ADP were not observed after it was 
purified. On the other hand, Greco et aL (156) found a 
splice variant of the P2X t receptor to be abundant in 
human platelets. This variant lacks 17 amino acids at the 
beginning of exon 6, and the difference appears to have a 
large effect on the agonist selectivity of the receptor. 
When the mutant form was expressed in 1321N1 astrocy- 
toma cells, ADP and ATP, but not a/3meATP, were effec- 
tive to evoke calcium influx. These authors suggest that 
this mutant form may contribute to the ADP-sensitive 
calcium entry pathway, either as a homomer or a hetero- 
mer with wild-type subunits; electrophysiological studies 
would be helpful in this regard. 

A clever method of measuring the concentration of 
ATP was introduced by Dubyak and colleagues (20). They 
made a chimeric protein from the IgG binding domain of 
protein A and firefly luciferase, which then attached spe- 
cifically to cells treated with antibody to a given cell 
surface protein. They coated platelets with anti-CD41 an- 
tibody, and thus measured the ATP concentration in the 
vicinity of the plasma membrane. After treatment with 
thrombin, this rose from undetectable to —16 /xM, well 
within the range that would activate P2Xj receptors. 

VI. PERSPECTIVE 

Important advances in understanding have accrued 
on several fronts since the cloning of cDNAs in 1994. 
Heterologous expression and mutagenesis have identified 
parts of the subunits likely to contribute to key functions, 
such as subunit multimerization, ATP binding, channel 
gating, and ion permeation. On the other hand, simple 
questions remain unresolved. How can the replacement of 
an -0- atom in ATP by -CH 2 - have such profound conse- 
quences for receptor agonism in some but not other P2X 
receptors? What molecular structure underlies the potent 
effects on the receptors of certain extracellular ions? How 
is the permeation pathway formed? The next horizon in 
this direction must be structural studies on parts or all of 
the receptor protein. 

The failure to discern any relationship to other 
known families of ion channels is a major handicap in 
our understanding of the more fundamental biological 
aspects of P2X receptors, as is the apparent restriction 
of the channel family to vertebrates, given that many 
experimental approaches to the molecular physiology, 
including structural studies, would be facilitated by 
simpler animal models. Nucleotide signaling by cAMP 



is well known in amoebae, but this involves a seven- 
transmembrane receptor; emerging invertebrate ge- 
nomes must be searched for P2X receptor relatives. 

The identification of posttranslational modifications 
is beginning to indicate how channel function can be 
modified by other cellular components. Conversely, acti- 
vation of the P2X 7 receptors not only opens a channel but 
engages several downstream effectors. Although the clon- 
ing of the P2X 7 subunit cDNA provided a cation-perme- 
able channel with distinctive properties, it has not pro- 
vided a full explanation of cell "permeabilization" by 
extracellular nucleotides, or of the coupling of P2Z recep- 
tors to these other cellular effectors. The isolation of the 
first members of a signaling complex of proteins that 
interact with this receptor promises to reveal how other 
molecular players are influenced by the P2X 7 receptor. 

The study of the P2X receptors continues to be ham- 
pered by the lack of potent and selective antagonists. 
Studies on cloned receptors have allowed some progress 
to be made here, and this promises to accelerate as more 
high-throughput screens are rim in the search for. poten- 
tial antagonists that might provide the starting point for 
new therapeutics. 

Antibodies derived on the basis of deduced amino 
acid sequences have revealed an unexpectedly wide tis- 
sue distribution of P2X receptors. However, more and 
better antibodies are needed to address the cell biology of 
the receptors. How are they trafficked and assembled in 
cells? Might P2X receptors play key signaling roles in 
intracellular organelles? As for most other multkneric ion 
channels, a key issue remains knowledge of the subunit 
composition of native receptor(s) in individual cells. 

The physiological role of P2X receptors qn native 
cells is becoming clearer through the effects of agonists 
and antagonists and the defects observed following block 
of gene expression. The peripheral nervous system leads 
the way. ATP operates as a synaptic transmitter from 
sympathetic nerves to some smooth muscle, and in a 
descending inhibitory pathway in the gut wall. A Tole for 
the P2X 3 subunit is clear in the sensation of some forms 
of inflammatory pain and mechanical allodynia, and com- 
pelling evidence exists for other mechanosensing func- 
tions in autonomic viscera such as the bladder. Although 
several effects (presynaptic, postsynaptic) of ATP can be 
observed on central neurons, nowhere in the central ner- 
vous system is there a clearly understood picture of the 
physiological significance. 

ATP is increasingly realized to be an autocrine and 
paracrine transmitter, and P2X receptors seem likely to 
be involved here in ducted glands, airway epithelia, and 
perhaps the kidney. Finally, considerable progress has 
been made in understanding some of the roles of ATP in 
immune cells and inflamed tissues, and particularly the 
way in which P2X 7 receptors elicit the release of cyto- 
kines. 
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Current treatments for depression are inadequate for 
many individuals, and progress in understanding the 
neurobiology of depression is slow. Several promising 
hypotheses of depression and antidepressant action 
have been formulated recently. These hypotheses are 
based largely on dysregulation of the hypothalamic- 
pituitary-ad renal axis and hippocampus and implicate 
corticotropin-releasing factor, glucocorticoids, brain- 
derived neurotrophic factor, and CREB. Recent work 
has looked beyond hippocampus to other brain areas 
that are also likely involved. For example, nucleus ac- 
cumbens, amygdala, and certain hypothalamic nuclei 
are critical in regulating motivation, eating, sleeping, 
energy level, circadian rhythm, and responses to re- 
warding and aversive stimuli, which are all abnormal 
in depressed patients. A neurobiologic understanding 
of depression also requires identification of the genes 
that make individuals vulnerable or resistant to the 
syndrome. These advances will fundamentally im- 
prove the treatment and prevention of depression. 

Mood disorders are among the most prevalent forms of 
mental illness. Severe forms of depression affect 
2%-5% of the U.S. population, and up to 20% of the 
population suffer from milder forms of the illness. De- 
pression is almost twice as common in females than 
males. Another roughly 1 %-2% are afflicted by bipolar 
disorder (also known as manic-depressive illness), 
which affects females and males equally. Mood disor- 
ders are recurrent, life threatening (due to the risk for 
suicide), and a major cause of morbidity worldwide 
(Blazer, 2000). 

Depression has been described by mankind for sev- 
eral millenia. The term melancholia (which means black 
bile in Greek) was first used by Hippocrates around 400 
B.C. (Akiskal, 2000). Most of the major symptoms of 
depression observed today were recognized in ancient 
times, as were the contributions of innate predisposi- 
tions and external factors in causing the illness. The 
ancients also recognized a large overlap of depression 
with anxiety and excessive alcohol consumption, both 
of which are well established today. Indeed, similarities 
between ancient descriptions of depression and those 
of the modern era are striking, yet it wasn't until the 
middle part of the 19 th century that the brain became 
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the focus of efforts to understand the pathophysiology 
of this disorder. 

Diagnosis of Depression 

Since the 1960s, depression has been diagnosed as 
"major depression" based on symptomatic criteria set 
forth in the Diagnostic and Statistical Manual (DSMIV, 
2000) (Table 1). Milder cases are classified- as "dysthy- 
mic" although there is no clear distinction between the 
two. It is obvious from these criteria (summarized in 
Table 1 ) that the diagnosis of depression, as opposed to 
most diseases of other organ systems (diabetes, cancer, 
chronic obstructive pulmonary disease, to name a few), 
is not based on objective diagnostic tests (serum chem- 
istry, organ imaging, or biopsies), but rather on a highly 
variable set of symptoms. Accordingly,, depression 
should not be viewed as a single disease, but a hetero- 
geneous syndrome comprised of numerous diseases of 
distinct causes and pathophysiologies. Attempts have 
been made to establish subtypes of depression defined 
by certain sets of symptoms (Table 2) (see Akiskal, 2000; 
Blazer, 2000). However, these subtypes are based solely 
on symptomatic differences and there is as yet no evi- 
dence that they reflect different underlying disease 
states. 

Genetic and Environmental Causes of Depression 
Epidemiologic studies show that roughly 40%-50% of 
the risk for depression is genetic (Sanders ei al., 1999; 
Fava and Kendler, 2000). This makes depression a highly 
heritable disorder, at least as heritable as several com- 
mon complex medical conditions (type II diabetes, hy- 
pertension, asthma, certain cancers), which are often 
thought of as genetic. Yet, the search for specific genes 
that confer this risk has been frustrating, with no genetic 
abnormality being identified to date with certainty. The 
difficulty in finding depression vulnerability,genes paral- 
lels the difficulty in finding genes for other psychiatric 
disorders and, in fact, for most common complex dis- 
eases. There are many reasons for this difficulty, which 
are reviewed elsewhere (Burmeister, 1999), including 
the fact that depression is a complex phenomenon with 
many genes possibly involved. Thus, any single gene 
might produce a relatively small effect and would there- 
fore be difficult to detect experimentally. It is also possi- 
ble that variants in different genes may contribute to 
depression in each family, which further complicates 
the search for depression genes. 

In addition, vulnerability to depression is only partly 
genetic, with nongenetic factors also being important. 
Nongenetic factors as diverse as stress and emotional 
trauma, viral infections (e.g., Borna virus), and even sto- 
chastic (or random) processes during brain development 
have been implicated in the etiology of depression (Aki- 
skaJ, 2000; Fava and Kendler, 2000). Depressive syn- 
dromes—indistinguishable from major depression defined 
by DSMIV and by their response to standard antidepres- 
sant treatments— occur in the context of .innumerable 
medical conditions such as endocrine disturbances 
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Table 1 . Diagnositc Criteria for Major Depression 

Depressed mood 

irritability 

Low self esteem 

Feelings of hopelessness, worth lessn ess, and guilt 

Decreased ability to concentrate and think 

Decreased or increased appetite 

Weight loss or weight gain 

Insomnia or hypersomnia 

Low energy, fatigue, or increased agitation 

Decreased interest in pleasurable stimuli (e.g., 

sex, food, social interactions) 
Recurrent thoughts of death and suicide 

A diagnosis of major depression is made when a certain number of 
the above symptoms are reported for longer than a 2 week period 
of time, and when the symptoms disrupt normal social and occupa- 
tional functioning (see DSMIV, 2000). 



(hyper- or hypocortisolemia, hyper- or hypothyroidism), 
collagen vascular diseases, Parkinson's disease, trau- 
matic head injury, certain cancers, asthma, diabetes, 
and stroke. 

The role of stress warrants particular comment. De- 
pression is often described as a stress-related disorder, 
and there is good evidence that episodes of depression 
often occur in the context of some form of stress. How- 
ever, stress per se is not sufficient to cause depression. 
Most people do not become depressed after serious 
stressful experiences, whereas many who do become 
depressed do so after stresses that for most people are 
quite mild. Conversely, severe, horrendous stress, such 
as that experienced during combat, rape, or physical 
abuse, does not typically induce depression, but instead 
causes post-traumatic stress disorder (PTSD) that is 
distinct from depression based on symptomatology, 
treatment, and longitudinal course of illness. This under- 
scores the view that depression in most people is 
caused by interactions between a genetic predisposi- 
tion and some environmental factors, which makes the 
mechanisms of such interactions an important focus of 
investigation. 

Treatment of Depression 

In contrast to our limited understanding of depression, 
there are many effective treatments. The large majority 
(~80%) of people with depression show some improve- 



ment with any of several antidepressant medications or 
electroconvulsive seizures (ECS). In addition, severai 
forms of psychotherapy (in particular, cognitive and be- 
havioral therapies) can be effective for patients with mild, 
to moderate cases, and the combination of medication 
and psychotherapy can exert a synergistic effect. . 

The treatment of depression was revolutionized about 
50 years ago, when two classes of agents were discov- 
ered—entirely by serendipity— to be effective antide- 
pressants: the tricyclic antidepressants and the mono- 
amine oxidase inhibitors. The original tricyclic agents 
(e.g., imipramine) arose from antihistamine research, 
whereas the early monoamine oxidase inhibitors (e.g., 
iproniazid) were derived from work on antitubercular 
drugs. The discovery that depression can be treated 
with these medications provided one of the first clues 
into the types of chemical changes in the brain that 
regulate depressive symptoms. Indeed, much depres- 
sion research over the last half-century was based on 
the notion that understanding how these treatments 
work would reveal new insight into the causes of de- 
pression. 

The acute mechanisms of action of antidepressant 
medications were identified: inhibition of serotonin or 
norepinephrine reuptake transporters by the tricyclic 
antidepressants, and inhibition of monoamine oxidase 
(a major catabolic enzyme for monoamine neurotrans- 
mitters) by monoamine oxidase inhibitors (see Frazer, 
1997). These discoveries led to the development of nu- 
merous second generation medications (e.g., serotonih- 
selective reuptake inhibitors [SSRIs] and norepineph- 
rine-selective reuptake inhibitors) which are widely used 
today. The availability of clinically active antidepres- 
sants also made it possible to develop and validate 
a wide range of behavioral tests with which to study, 
depression-like phenotypes in animal models. More-, 
over, these medications and behavioral tests represent 
important tools with which to study brain function under 
normal conditions and to identify a range of proteins in 
the brain that might serve as targets for novel antide- 
pressant treatments. 

That's the good news. The bad news is that progress . 
in developing new and improved antidepressant medi- 
cations has been limited. The SSRIs, for example, have 
a better side effect profile for some patients, and are 
easier for physicians to prescribe, compared with the 
older agents. This explains their astonishing financial. 



Table 2. Examples of Proposed Subtypes of Depression 



Depression Subtype 



Main Features 



Melancholic depression* 
Reactive depression" 
Psychotic depression 



Atypical depression 
Dysthymia 



Severe symptoms; prominent neurovegetative abnormalities 

Moderate symptoms; apparently in response to external factors 

Severe symptoms; associated with psychosis: e.g., believing depression is 

a punishment for past errors (a delusion) or hearing voices that 

depression is deserved (a hallucination) 
Associated with labile mood, hypersomnia, increased appetite, and weight gain 
Milder symptoms, but with a more protracted course 



These subtypes are based on symptoms only and may not describe biologically distinct entities. The subtypes also cannot generally be 
distinguished by different responses to various subclasses of antidepressant medications. 

"Melancholic depression is similar to a syndrome classified as "endogenous depression," based on the speculation that it is caused by innate 
factors. 

b Reactive depression is similar to a syndrome classified as "exogenous depression," based on the speculation that it is caused by external 
factors. 
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success, now a world-wide market of >$10 billion a 
year in sales. However, these newer medications have 
essentially the same mechanism of action as the older 
tricyclic antidepressants and, as a result, the efficacy 
of the newer agents and the range of depressed patients 
they treat are no better than the older medications. To- 
day's treatments remain sub-optimal, with only ~50% of 
all patients demonstrating complete remission, although 
many more (up to 80%) show partial responses. 

Furthermore, the mechanism of action of antidepres- 
sant medications is far more complex than their acute 
mechanisms might suggest. Inhibition of serotonin or 
norepinephrine reuptake or catabolism would be ex- 
pected to result in enhanced actions of these transmit- 
ters. However, all available antidepressants exert their 
mood-elevating effects only after prolonged administra- 
tion (several weeks to months), which means that en- 
hanced serotonergic or noradrenergic neurotransmis- 
sion per se is not responsible for the clinical actions of 
these drugs. Rather, some gradually developing adapta- 
tions to this enhanced neurotransmission would appear 
to mediate drug action. Important progress has been 
made in the search for such drug-induced plasticity, as 
will be seen below, but definitive answers are still out of 
reach. Moreover, several generations of research have 
failed to provide convincing evidence that depression 
is caused by abnormalities in the brain's serotonin or 
norepinephrine systems. This is consistent with the abil- 
ity of "antidepressant" medications to treat a wide range 
of syndromes, far beyond depression, including anxiety 
disorders, PTSD, obsessive-compulsive disorder, eating 
disorders, and chronic pain syndromes. It also is consis- 
tent with the fact that many medications used in general 
medicine work far from the molecular and cellular lesion 
underlying a disease. 

The remainder of this review provides a progress re- 
port of what is known about depression and antidepres- 
sant treatments. We first discuss briefly the neural cir- 
cuitry of normal mood and of depression. We then 
describe the leading animal models that are available 
today to study mechanisms of depression and antide- 
pressant action. We end by presenting three working 
hypotheses of the neurobiology of depression, which 
highlight both the advances that have been made in 
understanding this disorder, but also the tremendous 
amount of work that is still needed to establish the neu- 
robiology mechanisms of depression. 

Neural Circuitry of Depression 
While many brain regions have been implicated in regu- 
lating emotions, we still have a very rudimentary under- 
standing of the neural circuitry underlying normal mood 
and the abnormalities in mood that are. the hallmark of 
depression. This lack of knowledge is underscored by 
the fact that even if it were possible to biopsy the brains 
of patients with depression, there is no consensus in 
the field as to the site of the pathology, and hence the 
best brain region to biopsy. This is in striking contrast 
to other neuropsychiatric disorders (e.g., Parkinson's 
disease, Huntington's disease, Alzheimer's disease, 
amyotrophic lateral sclerosis) where pathologic lesions 
have been identified in specific regions of the central 
nervous system. 



It is likely that many brain regions mediate the diverse 
symptoms of depression. This is supported by human 
brain imaging studies— still in relatively early stages— 
which have demonstrated changes in blood flow or re- 
lated measures in several brain areas, including regions 
of prefrontal and cingulate cortex, hippocampus, stria- 
tum, amygdala, and thalamus, to name a few (Drevets, 
2001, Liotti and Mayberg, 2001). Similarly,, anatomic 
studies of brains of depressed patients obtained at au- 
topsy have reported abnormalities in many of these 
same brain regions (Zhu et al., 1 999; Manji et al., 2001 ; 
Drevets, 2001; Rajkowska, 2000). Much work remains, 
however, since some of the imaging and autopsy studies 
have yielded contradictory findings; still, this work has 
underscored the need to investigate mechanisms of 
mood regulation and dysregulation in numerous brain 
areas. 

Knowledge of the function of these brain regions un- 
der normal conditions suggests the aspects of depres- 
sion to which they may contribute. Neocortex and hippo- 
campus may mediate cognitive aspects of depression, 
such as memory impairments and feelings of worth- 
lessness, hopelessness, guilt, doom, and suicidally. 
The striatum (particularly the ventral striatum or nucleus 
accumbens [NAc]) and amygdala, and related brain ar- 
eas, are important in emotional memory, and could as 
a result mediate the anhedonia (decreased drive and 
reward for pleasurable activities), anxiety, and reduced 
motivation that predominate in many patients, Given the 
prominence of so-called neurovegetative symptoms of 
depression, including too much or too little sleep, appe- 
tite, and energy, as well as a loss of interest in sex and 
other pleasurable activities, a role for the hypothalamus 
has also been speculated. Of course, these various brain 
regions operate in a series of highly interacting parallel 
circuits, which perhaps begins to formulate a neural 
circuitry involved in depression (Figure 1). 

Animal Models of Depression 

A major impediment in depression research is the lack of 
validated animal models. Many of the core symptoms of 
depression (e.g., depressed mood, feelings of worth- 
lessness, suicidality) cannot be easily measured in labora- 
tory animals. Also, the lack of known depression vulnera- 
bility genes means that genetic causes of depression 
cannot be replicated in animals. As a result, all available 
animal models of depression rely on one of two princi- 
ples: actions of known antidepressants or responses to 
stress (Table 3) (see Willner, 1995; Hitzemann, 2000; 
Porsolt, 2000; Lucki, 2001). Some of these tests (in par- 
ticular, the forced swim test) have been very effective 
at predicting the antidepressant efficacy of new medica- 
tions. They also provide potentially useful models in 
which to study the neurobiology, and genetic mecha- 
nisms underlying stress and antidepressant responses. 
One caveat is that these tests have not yet resulted in 
the introduction of medications with truly novel (i.e., 
non-monoamine-based) mechanisms, although this may 
reflect difficulties with clinical trials and the FDA ap- 
proval process as much as limitations of the animal 
models. Another caveat is that the medications are ac- 
tive in the animal tests after acute administration, while 
their clinical efficacy requires chronic administration. As 
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Figure 1 . Neural Circuitry of Depression 
The figure shows a highly simplified summary 
of a series of neural circuits in the brain that 
may contribute to depressive symptoms. 
While most research in the depression field 
has focused on hippocampus (HP) and frontal 
cortex (e.g., prefrontal cortex [PFC]), there is. 
the increasing realization that several subcor- 
tical structures implicated in reward, fear, and 
motivation are also critically involved. These 
include the nucleus accumbens (NAc), amyg- 
dala, and hypothalamus. The figure shows, 
only a subset of the many known intercon- 
nections among these various brain regions. 
The figure atso shows the innervation of sev- 
eral of these brain regions by monoaminergic 
neurons. The ventral tegmental area (VTA) 
provides dopaminergic input to the NAc,. 
amygdala, PFC, and other limbic structures: 
Norepinephrine (from the locus coeruleus or 
LC) and serotonin (from the dorsal raphe [DR] 
and other raphe nuclei) innervate all of the 
regions shown in the figure. In addition, there 
are strong connections between the hypo- 
thalamus and the VTA-NAc pathway. 



a result, it is not known whether the tests are sensitive 
to the true mood-elevating changes that the drugs cause 
in the brain or to some other epiphenomena. 

Another weakness of available animal models of de- 
pression is that they utilize normal mice, while depres- 
sion probably requires a genetic vulnerability in most 
cases. Ultimately, bona fide animal models will only be 
developed once the etiology and pathophysiology of 
human depression are identified. This becomes a catch- 
22: we need animal models of depression to better un- 
derstand the disorders, but such models can only be 
developed after we understand the human disorder! De- 
pression vulnerability genes will eventually be identified. 
During this interim period, one approach would be to 
make increasing use of animal models of particular as- 
pects of depression, for example, cognitive or atten- 
tions impairments, or abnormalities in psychomotor ac- 
tivity, responses to pleasurable stimuli, and eating and 
sleeping behavior (Table 3). These behavioral tests have 
not normally been utilized in depression research and 
may offer new insights into the neurobiologic mecha- 
nisms involved. 

Despite the pitfalls of available animal models of de- 
pression, these models have enabled the field to formu- 
late several hypotheses by which depression may occur 



and antidepressant treatments may work. The three 
hypotheses presented below are not comprehensive of 
the field, but provide representative examples of recent 
approaches toward understanding depression and anti- 
depressant action; they also highlight the work that still 
remains. 

Dysregulation of the Hippocampus and 
Hypothalamic-Pituitary-Adrenal Axis 
A prominent mechanism by which the brain reacts to 
acute and chronic stress is activation of the hypothala- 
mic-pituitary-adrenal (HPA) axis (Figure 2). Neurons in 
the paraventricular nucleus (PVN) of the hypothalamus 
secrete corticotropin-releasing factor (CRF), which stim- 
ulates the synthesis and release of ad ren ©corticotropin 
(ACTH) from the anterior pituitary. ACTH then stimulates 
the synthesis and release of glucocorticoids (Cortisol 
in humans, corticosterone in rodents) from the adrenal 
cortex. Glucocorticoids exert profound effects on gen- 
eral metabolism and also dramatically affect behavior 
via direct actions on numerous brain regions. 

The activity of the HPA axis is controlled by several 
brain pathways, including the hippocampus (which ex- 
erts an inhibitory influence on hypothalamic CRF-con- 
taining neurons via a polysynaptic circuit) and the amyig- 
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Table 3. Examples of Animal Models Used In Depression Research 



Model 



Main Features 



Forced swim test 
Tall suspension test 
Learned helplessness 

Chronic mild stress 

Social stress 

Early life stress 
Olfacotry bulbectomy 
Fear conditioning 
Anxiety-based tests* 
Reward-based tests 6 
Cognition-based tests c 



Antidepressants acutely increase the time an animal struggles in a 
chamber of water; lack of struggling thought to represent a state 
of despair. 

Antidepressants acutely Increase the time an animal struggles when 
suspended by its tail; lack of struggling thought of represent a 
state of despair. 

Animals exposed to inescapable footshock take a longer time to 
escape, or fail to escape entirely, when subsequently exposed 
to escapable foot shock; antidepressants acutely decrease 
escape latency and failures. 

Animals exposed repeatedly to several unpredictable stresses (cold, 
disruption of light-dark cycle, footshock, restraint, etc.) show 
reduced sucrose preference and sexual behavior; however, these 
endpoints have been difficult to replicate, particularly in mice. 

Animals exposed to various types of social stress (proximity to domi- 
nant males, odors of natural predators) show behavioral abnormal- 
ities; however, such abnormalities have been difficult to replicate, 
particularly in mice. 

Animals separated from their mothers at a young age show some 
persisting behavioral and HPA axis abnormalities as adults, some 
of which can be reversed by antidepressant treatments. 

Chemical or surgical lesions of the olfactory bulb cause behavioral 
abnormalities, some of which can be reversed by antidepressant 
treatments. 

Animals show fear-like responses when exposed to previously neu- 
tral cues (e.g., tone) or context (cage) that has been associated 
with an aversive stimulus (e.g., shock). 

The degree to which aniamls explores a particular environment (open 
space, brightly lit area, elevated area) is increased by anxiolytic 
drugs (e.g., benzodiazepines). 

Animals show highly reproducible responses to drugs of abuse (or 
to natural rewards such as food or sex) in classical conditioning 
and operant conditioning assays. 

The ability of animals to attend, learn, and recall is measured in a 
variety of circumstances. 



Most of these tests are available in rats and mice; the tail suspension test is used in mice only. 
"Examples include open field, dark-light, and elevated plus maze test. 

"Examples include conditioned place preference, drug self-administration, conditioned reinforcement, and intra-cranial self- stimulation assays. 
c Examples include test of spatial memory (Morris water maze, radial arm maze), working memory (T-maze), and attention (5 choices serial 



dala (which exerts a direct excitatory influence) (Figure 
2). Glucorticoids, by potently regulating hippocampal 
and PVN neurons, exert powerful feedback effects on 
the HPA axis. Levels of glucocorticoids that are seen 
under normal physiological circumstances seem to en- 
hance hippocampal inhibition of HPA activity. They may 
also enhance hippocampal function in general and 
thereby promote certain cognitive abilities. However, 
sustained elevations of glucocorticoids, seen under 
conditions of prolonged and severe stress, may damage 
hippocampal neurons, particularly CA3 pyramidal neu- 
rons. The precise nature of this damage remains incom- 
pletely understood, but may involve a reduction in den- 
dritic branching and a loss of the highly specialized 
dendritic spines where the neurons receive their gluta- 
matergic synaptic inputs (Figure 3) (McEwen, 2000; Sa- 
polsky, 2000). Stress and the resulting hypercortiso- 
lemia also reduce the birth of new granule cell neurons in 
the adult hippocampal dentate gyrus (Fuchs and Gould, 
2000). Such hippocampal neurogenesis is proposed to 
contribute to memory formation, but this remains con- 
troversial. Regardless of the nature of the damage, it 
would be expected to reduce the inhibitory control that 



the hippocampus exerts on the HPA axis, which would 
further increase circulating glucocorticoid levels and 
subsequent hippocampal damage. 

Such a positive feedback process with pathological 
consequences has been implicated in a subset of de- 
pression. Abnormal, excessive activation of the HPA 
axis is observed in approximately half of individuals with 
depression, and these abnormalities are corrected by 
antidepressant treatment (Sachar and Baron, 1 979; De 
Kloet et al., 1 988; Arborelius et al., 1 999; Holsboer, 2001 ). 
Some patients exhibit increased Cortisol production, as 
measured by increases in urinary free Cortisol and de- 
creased ability of the potent synthetic glucocorticoid, 
dexamethasone (see Figure 2), to suppress plasma lev- 
els of Cortisol, ACTH, and (J-endorphin (which is derived 
from the same peptide precursor as ACTH). There also 
is direct and indirect evidence for hypersecretion of CRF 
in some depressed patients (Arborelius et ah, 1 999; Hols- 
boer, 2001; Kasckow et al., 2001): ACTH responses to 
intravenously administered CRF are blunted, and in- 
creased concentrations of CRF have been found jn cere- 
brospinal fluid. A small number of postmortem studies of 
depressed individuals have reported increased levels of 
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Figure 2. Regulation of the Hypothalamic-Pituitary-Adrenat Axis 
CRF-containing parvoceltular neurons of the paraventricular nucleus 
of the hypothalamus (PVN) integrate information relevant to stress. 
Prominent neural inputs include excitatory afferents from the amyg- 
dala and inhibitory (polysynaptic) afferents from the hippocampus, 
as shown in the figure. Other important inputs are from ascending 
monoamine pathways (not shown). CRF is released by these neu- 
rons into the hypophyseal portal system and acts on the cortico- 
trophs of the anterior pituitary to release ACTH. ACTH reaches the 
adrenal cortex via the bloodstream, where it stimulates the release 
of glucocorticoids. In addition to its many functions, glucocorticoids 
(including synthetic forms such as dexamethasone) repress CRF 
and ACTH synthesis and release. In this manner, glucocorticoids 
inhibit their own synthesis. At higher levels, glucocorticoids also 
impair, and may even damage, the hippocampus, which could initi- 
ate and maintain a hypercortisolemic state related to some cases 
of depression. 



CRF in the PVN of the hypothalamus, whereas levels of 
CRF receptors are down regulated perhaps as a response 
to elevated CRF transmission. Consistent with these 
human data are the observations that rodents separated 
from their mothers early in life show abnormalities in 
HPA axis function, which resemble those seen in some 
depressed humans (De Kloet et al., 1988; Francis and 
Meaney, 1 999; Heim and Nemeroff, 2001). These abnor- 
malities can persist into adulthood and be corrected by 
antidepressant treatments. 

How might a hyperactive HPA axis contribute to de- 
pression? Current hypotheses focus on Cortisol and 
CRF. The levels of Cortisol seen in some depressed 
patients, particularly over sustained periods of time, 
might be high enough to be toxic to hippocampal neu- 



rons, as described above. Based on the normal func- 
tions subserved by hippocampus, impaired hippocam- 
pal function might be expected to contribute to some 
of the cognitive abnormalities of depression. Antide- 
pressant treatments would work, then, by reversing 
these abnormalities, although the molecular and cellular 
mechanisms by which prolonged enhancement of 
monoamine transmission would produce such actions 
are not known. 

Stress-induced changes in hippocampus (e.g., reduc- 
tion in dendritic arborizations or birth of new neurons) 
seen in animal models could be related to the small 
reductions in hippocampal volume documented in some 
patients with depression (Sheline et al., 1999; Bremner 
et al., 2000). However, it is not known whether these 
reduced hippocampal volumes are a result of depres- 
sion or an antecedent cause. In animal models, several 
classes of antidepressants reverse the stress- induced 
reductions in dendritic arborizations of hippocampal py- 
ramidal neurons (Kuroda and McEwen, 1998; Norrholm 
and Ouimet, 2001) as well as increase neurogenesis in 
the dentate gyrus (Malberg et al., 2000; Duman et al., 
2001 ; Manji et al., 2001). However, there is currently no 
direct evidence to link dendritic morphology or neuro- 
genesis either to the human brain imaging findings or to 
the symptomatology of depression in humans or animal 
models. 

There also are striking parallels between some as- 
pects of the stress response, severe depression, and 
the effects of centrally administered CRF. These include 
increased arousal and vigilance, decreased appetite, 
decreased sexual behavior, and increased heart rate 
and blood pressure (Arborelius et al., 1999; Holsboer, 
2001). This has led to the proposal that a hyperactive 
HPA axis may contribute to depression not only via 
hypercortisolemism, but also via enhanced CRF trans- 
mission in the hypothalamus and other brain regions 
that are innervated by these neurons. 

Despite the compelling model outlined above, it is still 
unknown whether HPA axis abnormalities are a primary 
cause of depression or, instead, secondary to some 
other initiating cause. Nevertheless, a strong case can 
be made for its role in the generation of certain symp-. 
toms of depression, and for an impact on the course of 
the disease and its somatic sequelae. Such observa- 
tions have provided a clear rationale for the use of gluco- 
corticoid or CRF receptor antagonists as novel antide- 
pressant treatments. There is growing evidence that 
glucocorticoid receptor antagonists, such as mifepri- 
stone (RU486), may be useful in treating some cases of 
depression (Belanoff et al., 2001). Intense attention is 
being given to antagonists of the CRF, receptor, the 
major CRF receptor in brain, although agents directed 
against CRF 2 receptors are also of interest (Arborelius 
et al., 1999; Holsboer, 2001). CRF, receptor antagonists 
exert clear antidepressant- like effects in several stress- 
based rodent rtiodels of depression. These drugs may 
treat depression by limiting hypercortisolism through 
actions on the HPA axis (see Figure 2). 

In addition, an action with potentially greater impact 
on depression, assuming the drugs prove clinically ef- 
fective, may be inhibition of the CRF system in many 
other brain regions, independent of the PVN and the 
HPA axis. For example, in amygdala and several related 
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Figure 3. Neurotrophic Mechanisms in Depression 

The panel on the left shows a normal hippocampal pyramidal neuron and its innervation by gtutamatergic, monoaminergic, and other neurons. 
Its regulation by BDNF (derived from hippocampus or other brain areas) is also shown. Severe stress causes several changes in these neurons, 
including a reduction in their dendritic arborizations, and a reduction in BDNF expression (which could be one of the factors mediating the 
dendritic effects). The reduction in BDNF is mediated partly by excessive glucocorticoids, which could interfere with the normal transcriptional 
mechanisms (e.g., CREB) that control BDNF expression. Antidepressants produce the opposite effects: they increase dendritic arborizations 
and BDNF expression of these hippocampal neurons. The latter effect appears to be mediated by activation of CREB through the types of 
pathways shown in Figure 4. By these actions, antidepressants may reverse and prevent the actions of stress on the hippocampus, and 
ameliorate certain symptoms of depression. 



brain areas, as will be seen below, CRF is a critical 
mediator of fear conditioning and other forms of emo- 
tional memory to both aversive and rewarding stimuli. 

Impairment of Neurotrophic Mechanisms 
The pathologic effects of stress on hippocampus, de- 
scribed above, have contributed to another recent hy- 
pothesis, one that proposes a role for neurotrophic fac- 
tors in the etiology of depression and its treatment 
(Duman et al., 1997; Altar, 1999). Neurotrophic factors 
were first characterized for regulating neural growth and 
differentiation during development, but are now known 
to be potent regulators of plasticity and survival of adult 
neurons and glia. The neurotrophic hypothesis of de- 
pression states that a deficiency in neurotrophic support 
may contribute to hippocampal pathology during the 
development of depression, and that reversal of this 
deficiency by antidepressant treatments may contribute 
to the resolution of depressive symptoms. 

Work on this hypothesis has focused on brain-derived 
neurotrophic factor (BDNF), one of the most prevalent 



neurotrophic factors in adult brain. Acute and chronic 
stress decreases levels of BDNF expression in the den- 
tate gyrus and pyramidal cell layer of hippocampus in 
rodents (Smith et al., 1995a). This reduction appears to 
be mediated partly via stress-induced glucocorticoids 
and partly via other mechanisms, such as stress-induced 
increases in serotonergic transmission (Smith et al., 
1995a; Vaidya et al., 1997). Conversely, chronic (but not 
acute) administration of virtually all classes of antide- 
pressant treatments increases BDNF expression in 
these regions (Nibuya et al., 1995), and can prevent the 
stress-induced decreases in BDNF levels. There is also 
evidence that antidepressants increase hippocampal 
BDNF levels in humans (Chen et al., 2001 b). Antidepres- 
sant induction of BDNF is at least partly mediated via 
the transcription factor CREB (cAMP response element 
binding protein), as described below. Together, these 
findings raise the possibility, illustrated in Figure 3, that 
antidepressant-induced upregulation of BDNF could 
help repair some stress-induced damage to hippocam- 
pal neurons and protect vulnerable neurons from further 
damage. Moreover, since BDNF is reported to enhance 
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long-term potentiation and other forms of synaptic plas- 
ticity in hippocampus (Korte et al., 1996; Patterson et 
al., 1996; Kang et al., 1997), increased BDNF levels in- 
duced by antidepressants may promote hippocampal 
function. The findings could also explain why an antide- 
pressant response is delayed: it would require sufficient 
time for levels of BDNF to gradually rise and exert their 
neurotrophic effects. 

Despite the appeal and heuristic value of this hypothe- 
sis, direct evidence linking BDNF function in hippocam- 
pus to depression is still limited. The most compelling 
evidence comes from a recent study, where administra- 
tion of BDNF or a related neurotrophin (neurotrophin-3) 
into the dentate gyrus or CA3 region of hippocampus 
causes antidepressant-like effects in the forced swim 
and learned helplessness tests (Shirayama et al., 2002). 
On the other hand, there is a report that the ability of 
an antidepressant to reverse the dendritic changes in 
CA3 pyramidal neurons caused by stress is not medi- 
ated via induction of BDNF (Kuroda and McEwen, 1 998). 
Mice lacking CREB, which do not show antidepressant 
induction of BDNF in hippocampus, still show normal 
responses to antidepressants in the forced swim test 
(Conti et al., 2002). 

One limitation in the ability to test the BDNF hypothe- 
sis is that mice lacking BDNF die shortly after birth from 
peripheral complications. Recently, a conditional knock- 
out of BDNF has been achieved, where the loss of BDNF 
occurs late in embryonic development; these mice sur- 
vive into adulthood (Rios et al., 2001). The mice show 
increased anxiety-like behavior, as well as obesity, but 
no obvious depression-like syndrome has yet been re- 
ported. On the other hand, this may relate to current 
limitations in animal models of depression as mentioned 
earlier. 

This discussion highlights the need for additional experi- 
mental tools to establish a link between hippocampal 
BDNF levels and the formation of depressive symptoms 
and their resolution with antidepressant administration. 
There also is the need to examine the possible involve- 
ment of many other types of neurotrophic factors in 
stress- and antidepressant-induced changes in hippo- 
campal function, and to evaluate the influence of neuro- 
trophic mechanisms outside the hippocampus. Indeed, 
stress decreases BDNF expression in neocortex and 
amygdala, like it does in hippocampus, but increases it 
elsewhere (e.g., hypothalamus) (Smith et al., 1995b). In 
addition, infusion of BDNF into the midbrain causes anti- 
depressant-like effects (Siuciak et al., 1997), similar to 
those seen upon intra-hippocampal administration. 

The BDNF hypothesis predicts that agents that pro- 
mote BDNF function might be clinically effective antide- 
pressants. Currently, no such compounds are available, 
but the development of small molecules that regulate 
neurotrophic factors or their signaling cascades is a 
major focus of drug development efforts. Another ap- 
proach would be to intervene earlier in the process, that 
is, in the mechanisms by which antidepressants induce 
BDNF expression. There is now considerable evidence 
that CREB is involved. The BDNF gene is induced in 
vitro and in vivo by CREB (Tao et al., 1998; Conti et al., 
2002). Moreover, virtually all major classes of antide- 
pressants increase levels of CREB expression and func- 
tion in several brain regions including hippocampus (Ni- 



buya et al., 1996; Thome et al., 2000). Levels of CREB 
are reportedly reduced in temporal cortex (which pre- 
sumably included hippocampus) in depressed patients 
studied at autopsy (Dowlatshahi et al., 1998). Increased 
CREB activity in the hippocampal dentate gyrus, 
achieved by injection of a viral vector encoding CREB 
directly into this brain region, exerts an antidepressant- 
like effect in the forced swim and learned helplessness 
tests (Chen et al., 2001a). A palliative effect of CREB 
could be related to CREB's ability to promote long-term 
memory in hippocampus (Mayford and Kandel, 1999; 
Silva and Murphy, 1999). 

While these effects of CREB could be mediated via 
numerous target genes in addition to BDNF, it does 
illustrate novel strategies by which to influence hippo- 
campal function in the context of depression. One posi- 
tive lead along these lines are inhibitors of phosphodies : 
terases, the enzymes that degrade cAMP. Several 
groups have reported that chronic antidepressant treat- 
ment upregulates the functioning of the cAMP pathway 
in hippocampus and neocortex (see Nestler et al., 1989; 
Duman et al., 1997; Thome et al., 2000). (Drug-induced 
increases in CREB mentioned above would be one com- 
ponent of this upregulation.) Consistent with the possi- 
bility that upregulation of the cAMP pathway is relevant 
to the therapeutic efficacy of antidepressants is the pre- 
liminary clinical observation that rolipram, a type 4 phos- 
phodiesterase inhibitor, which would be expected to 
increase cAMP levels, reduces the symptoms of depres- 
sion (see Duman et al., 1997). However, rolipram is 
poorly tolerated by humans, due to its many side effects. 
The recent cloning of numerous subtypes of type- 4 
phosphodiesterase, and the demonstration of their re- 
gion-specific expression in brain (Takahashi et al., 1 999; 
Houslay, 2001), holds promise for the future develop- 
ment of more selective agents that are effective antide- 
pressants with fewer side effects. 

Impairment of Brain Reward Pathways 

As is evident from the above discussion, most preclinical 
studies have focused on the hippocampus as the site . 
involved in the generation and treatment of depression. 
However, while the hippocampus is undoubtedly in- 
volved, it is unlikely that it accounts completely for these 
phenomena. The hippocampus is best understood for 
its role in declarative memory and spatial learning. 
Symptoms affecting learning and memory are certainly 
seen in depression, but in many patients such symptoms 
do not represent the overwhelming presentation of the. 
illness. Indeed, as mentioned earlier, brain imaging and 
autopsy studies have suggested abnormalities in sev- 
eral brain areas of depressed individuals well beyond the 
hippocampus. In recent years, there has been increasing 
recognition of the role played by particular subcortical 
structures (e.g., NAc, hypothalamus, and amygdala) in 
the regulation of motivation, sleep, appetite, energy 
level, circadian rhythms, and responses to pleasurable 
and aversive stimuli, domains which are prominently 
affected in most depressed patients (see Table 1). Such 
regions have begun to be explored for a role in normal 
mood and depression. 
Nucleus Accumbens 

The NAc is a target of the mesolimbic dopamine system, 
which arises in dopaminergic neurons in the ventral teg- 
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mental area (VTA) of the midbrain. These VTA neurons 
also innervate several other limbic structures, including 
the amygdala and limbic regions of neocortex (Figure 
1). The NAc, and its dopaminergic inputs, play critical 
roles in reward. Virtually all drugs of abuse increase 
dopaminergic transmission in the NAc, which partly me- 
diates their rewarding effects (Koob et al., 1998; Wise, 
1998). Some drugs produce their rewarding effects in 
the NAc also via dopamine-independent mechanisms. 
For example, opiates activate dopaminergic transmis- 
sion in the NAc via actions in the VTA, but can also 
directly activate \x opioid receptors on NAc neurons. 
In addition, increasing evidence suggests that similar 
mechanisms in the VTA and NAc mediate responses to 
natural reinforcers under normal conditions as well as 
compulsive responses under pathological conditions 
(e.g., over-eating, pathological gambling, etc.). Recent 
work in nonhuman primates suggests that the firing pat- 
terns of VTA dopamine neurons are sensitive readouts 
of reward expectations: new rewards activate the cells, 
whereas the absence of an expected reward inhibits the 
cells (Schultz, 2000). A major gap in knowledge is the 
means by which altered firing of the dopamine cells, 
and the consequential altered activity of NAc and other 
limbic neurons, mediates "reward." This will ultimately 
require a circuit level of understanding that is not yet 
available. 

The possible involvement of the VTA-NAc pathway in 
mood regulation and depression is not well studied. 
There have been sporadic publications reporting an as- 
sociation between the two over the past several de- 
cades (e.g., Willner, 1995; DiChiara et al., 1999; Brown 
and Gershon, 1 993; Pallis et al., 2001 ; Yadid et al., 2001 ). 
However, research in the depression field has focused 
largely on serotonergic and noradrenergic mechanisms 
in other brain circuits (e.g., hippocampus and neocor- 
tex), while research of the VTA-NAc pathway and of 
dopaminergic mechanisms has largely focused on ad- 
diction. These distinctions are clearly artificial, and there 
is now the need to systematically examine the role of 
the VTA-NAc reward pathway in mood regulation. 

One approach would be to use behavioral models of 
drug reward in depression research (see Table 3). One 
of the best examples is a paradigm called intra-cranial 
self-stimulation (ICSS) (Hall et al., 1 977; Wise, 1 996; Ma- 
cey et al., 2000). Animals work (press a lever) to electri- 
cally stimulate particular brain areas, including the mes- 
olimbic dopamine system. Drugs of abuse decrease the 
stimulation threshold (intensity of the electrical stimulus) 
for which animals will work, whereas aversive conditions 
(e.g., drug withdrawal states, severe stress) have the 
opposite effect. It is possible that ICSS provides a novel 
measure of an animal's affective state, which is not eas- 
ily inferable from more traditional models of depression. 

Another approach would be to examine molecular and 
cellular changes, which occur in the VTA-NAc pathway 
upon exposure to drugs of abuse, in the context of 
depression models. Recent studies of CREB illustrate 
this point. Drugs of abuse have been shown to activate 
CREB in the NAc (Berke and Hyman, 2000; Nestler, 2001 ; 
Shaw- Lutch man et al., 2002), and increased CREB func- 
tion in this region has been shown to decrease rewarding 
responses to drugs of abuse whereas decreased CREB 
function has the opposite effect (Cartezon et al., 1 998; 



Pliakas et al., 2001; M. Barrot et al., submitted). Based 
oh these findings, we have recently found that CREB- 
mediated transcription is also induced in the NAc in 
response to acute and chronic stress (Pliakas et al., 
2001; M. Barrot et al., submitted). Interestingly, in- 
creased CREB function in this brain region decreases an 
animal's sensitivity to several types of aversive stimuli, 
including anxiogenic and nociceptive stimuli, while de- 
creased CREB function increases that sensitivity (M. 
Barrot et al., submitted). Thus, it would, appear that 
CREB in the NAc controls the behavioral responsiveness 
of an animal to emotional stimuli in general, such that 
the increase in CREB seen after stress or drug exposure 
may contribute to symptoms of emotional numbing or 
anhedonia, which are seen in some forms of depression, 
in PTSD, and in drug withdrawal states. The opioid pep- 
tide dynorphin may be one target gene through which 
CREB produces this behavioral phenotype (Figure 4) 
(Cariezon et al., 1998; Pliakas et al., 2001). 

It is important to note that the proposed . action of 
CREB in the NAc is very different from that proposed 
for CREB in hippocampus, where it is implicated in in- 
duction of BDNF and antidepressant- 1 ike responses in 
animal models (see above). This may explain why mice 
deficient in CREB show overall normal responses to 
antidepressants in certain behavioral tests (Conti et al., 
2002). Thus, a given molecule can exert different (and 
even opposing) effects on complex behavior in distinct 
brain regions, based on different targets— and therefore 
different effects— of the molecule in distinct types of 
neurons and on distinct circuits in which the neurons 
operate. This highlights the need to view molecular 
changes that occur in the brain within the context of the 
neural circuitry involved. 

Another illustration of this principle is BDNF. BDNF in 
hippocampus is implicated in antidepressant action, as 
described above. In the VTA-NAc pathway, BDNF dra- 
matically potentiates drug reward mechanisms (Horger 
et al., 1999), while preliminary studies have found that 
BDNF in the VTA-NAc produces a depression-like effect 
in the forced swim test (E.J.N, and A.J.E., unpublished 
observations). These data implicate BDNF within the 
mesolimbic dopamine system in the regulation of mood, 
motivation, and, possibly, depression, and underscore 
the need to examine neural circuits outside the hippo- 
campus for a complete understanding of these phe- 
nomena. 
Hypothalamus 

The hypothalamus has long been known to mediate 
many neuroendocrine and neurovegetative functions. It 
is a highly complex structure; numerous micronuclei 
have been characterized by standard histologic tech- 
niques, yet the neurotransmitters (and particularly the 
peptide transmitters) expressed by these various nuclei 
are just now being delineated. The hypothalamus has 
been studied in the context of depression, although 
most of this work has focused on the HPA axis (as 
outlined above) or other neuroendocrine functions such 
as the hypothalamic-pituitary-thyroid axis. Other hypo- 
thalamic functions and nuclei have remained largely un- 
explored in depression research, despite the fact that 
these nuclei and their peptide transmitters are crucial 
for appetite, sleep, circadian rhythms, and interest in 
sex, which are abnormal in many depressed patients. 
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Figure 4. Regulation of NAc Function by 
CREB and Dynorphin 

The figure shows a VTA dopamine (DA) neu- 
ron innervating a class of NAc GABAergic 
projection neuron that expresses dynorphin 
(Dyn). Dynorphin serves a negative feedback 
mechanism in this circuit: dynorphin, re- 
leased from terminals of the NAc neurons, 
acts on k opioid receptors located on nerve 
terminals and cell bodies of the DA neurons 
to inhibit their functioning. Regulation of NAc 
neurons by glutamate (via projections from 
frontal cortex, amygdala, and hippocampus) 
and by BDNF (derived from glutamatergiaor 
dopaminergic neurons) is also shown. Expo- 
sure to drugs of abuse or to several forms of 
stress upregulates the activity of the dynor- 
phin feedback loop via activation of CREB 
and induction of dynorphin gene expression. 
Such activation of CREB could be mediated 
via any of the diverse mechanisms shown in 
the figure, all of which lead to the phosphory- 
lation of CREB on sen 33 and to its activation. 
Activation of CREB and induction of dynor- 
phin seems to reduce an animal's sensitivity . 
to both rewarding and aversive stimuli and 
could contribute to certain symptoms of de- 
pression. NMDAR, NMDA glutamate recep- 
tor; PKA, protein kinase A; CaMKIV, Ca 2+ /caJ- 
modulin-dependent protein kinase type IV; 
RSK-2, ribosomal S6 kinase-type 2; RNA pol, 
RNA polymerase II complex. 



Hypothalamic mechanisms also could contribute to the 
greatly increased risk of depression among females. 

A possible relationship between hypothalamic pep- 
tides implicated in feeding, and those involved in the 
regulation of reward and mood, is particularly striking. 
CRF, part of the stress-responsive HPA axis, is also a 
potent anxiogenic and anorexigenic signal (Arborelius 
et al., 1999; Hotsboer, 2001; Ahima and Osei, 2001). 
Orexin (also known as hypocretin), expressed in the 
lateral hypothalamus, regulates sleep and alertness as 
well as eating (Willie et al., 2001) and potently activates 
VTA dopamine neurons (Uramura et al., 2001). Melanin 
concentrating hormone (MCH), also expressed in the 
lateral hypothalamus, is another potent orexigenic pep- 
tide (Ahima and Osei, 2001), and increases sexual be- 
havior and reduces anxiety-like behavior as well (Gonza- 
lez et al., 1996; Monzon et al., 2001). The MCH receptor 
(MCHtR) is highly enriched within the NAc (Saito et al., 
2001). Melanocortin (MC ora-MSH), expressed in medial 
hypothalamus, is an anorexigenic peptide and also in- 
creases anxiety-like behavior. Interestingly, one of the 
major melanocortin receptors in brain, MC 4 R, is highly 



enriched in the NAc and dorsal striatum, where activa- 
tion of the receptor dramatically antagonizes the re- 
warding effects of cocaine (R. Hsu et al., submitted). 
CART (cocaine- and amphetamine-regulated tran- 
script), as its name implies, was first identified in the 
NAc based on its drug regulation, but is even more 
enriched in the lateral hypothalamus where it functions 
as a potent anorexigenic peptide (Kuhar and Dall Vechia, 
1999; Ahima and Osei, 2001). Expression of these vari- 
ous feeding peptides is controlled by the peripheral hor- 
mone leptin, and leptin itself has been shown to dramati- 
cally diminish ICSS of the lateral hypothalamus (Fulton 
et al., 2000), which provides yet another link between 
the hypothalamus and reward and affective state. A sys- 
tematic examination of these hypothalamic factors in 
depression models, at the molecular, cellular, and be- 
havioral levels, is now warranted. 
Amygdala 

The amygdala is best studied for its role in conditioned 
fear (Davis, 1998; Cahill et al., 1999; LeDoux, 2000). It 
mediates the ability of previously nonthreatening stimuli, 
when associated with naturally frightening stimuli (e;g; 
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exposure to a predator or other severe stresses), to 
elicit a wide range of stress responses. Fear-related 
information enters the amygdala via its basal and lateral 
nuclei, which also appear to be the site; of the plasticity 
where these associations are encoded. These nuclei 
project to the central nucleus, from which projection 
fibers (containing glutamate and in some cases CRF) to 
numerous brain regions produce the diverse physiologi- 
cal and behavioral effects characteristic of fear re- 
sponses. These projection regions include the central 
gray (e.g., periaqueductal gray), lateral hypothalamus, 
PVN of hypothalamus, and several monoaminergic nu- 
clei. Other brain regions, such as septal nuclei and the 
bed nucleus of the stria terminalis, which are functionally 
and anatomically related to the amygdala, are also im- 
portant for fear and anxiety-like responses. These same 
brain regions are implicated in the aversive symptoms 
seen during withdrawal from drugs of abuse (Koob et 
al., 1998). 

The amygdala is equally important for conditioned 
responses to rewarding stimuli, including drugs of abuse 
and natural rewards (Everitt et al., 1 999). In fact, some 
view the amygdala as part of a larger circuit— termed 
the extended amygdala— which also includes the NAc, 
bed nucleus of the stria terminalis, and other brain re- 
gions (de Olmos and Heimer, 1999). It is proposed that 
the circuits formed by these structures are critical for 
emotional memory, that is, in establishing the emotional 
valence of a memory (aversive versus rewarding) as well 
as its strength and persistence. 

The molecular basis of the plasticity that occurs in 
the amygdala and is important for emotional memory is 
not as well studied as that in the hippocampus or Nac; 
however, some of the same molecular mediators have 
been implicated. The cAMP pathway and CREB in the 
amygdala appear to promote the formation of both aver- 
sive and rewarding associations (Hall et al., 2001; Jos- 
selyn et al., 2001 ; Jentsch et al., 2002). Stress decreases 
the expression of BDNF in the amygdala (Smith et al., 
1 995b), as seen in hippocampus, although the mecha- 
nisms involved, and the functional consequences of this 
regulation, remain poorly understood. 

The amygdala and its related structures have been 
the focus of a great deal of work in the anxiety, PTSD, 
and drug addiction fields, but have received relatively 
little attention in depression. This despite the fact that 
symptoms of anxiety and fear, and abnormal responses 
to pleasurable stimuli, are prominent in many depressed 
individuals. 

It would be interesting to use behavioral tests that 
focus on the amygdala (e.g., cue-elicited fear responses, 
conditioned aversion or reinforcement assays), as well 
as direct manipulations of specific proteins in the amyg- 
dala (e.g., CREB and BDNF, among many others), to 
explore the role played by these circuits in depression 
and antidepressant action. 

Future Directions 

It is clear from this discussion that one of the major 
needs in the field of depression research is a better 
understanding of the neural circuits in the brain that 
control mood under normal circumstances and mediate 
abnormalities in mood that are seen in depression. Given 



the pervasive symptoms of depression, it is. likely that 
the pathophysiology of the disorder, and the mecha- 
nisms by which currently available treatments reverse 
its symptoms, involve numerous brain regions. Recent 
work has begun to incorporate studies of amygdala, 
striatal, and hypothalamic circuits with studies of hippo- 
campus and neocortex to formulate a more complete 
neural circuitry of mood and depression. The neocortex, 
in particular, is likely critical for features of depression 
that would appear to be peculiarly human (feelings of 
worthlessness, hopelessness, guilt, suicidality, etc.), yet 
the molecular, cellular, and circuit basis of these com- 
plex behaviors remains almost completely obscure. 

The ability to image, in the living human brain, the 
various molecules that are implicated in the pathophysi- 
ology of depression would represent a dramatic techno- 
logic breakthrough in the field. Current brain imaging 
methodologies make it possible to identify gross circuits 
in the brain that are affected in depression as well as a 
still small number of neurotransmitter receptors. Im- 
aging BDNF, CREB, various feeding peptides, newly 
bom dentate gyrus neurons, to name a few, is still far 
out of reach today, but should be feasible as the field 
progresses. 

Another major need in the field is to understand the 
greater risk for depression in women. The neurobiologic 
basis for this increased risk is unknown, and could con- 
ceivably be related to gender differences in hormonal 
status or stress response systems, or to sexual dimor- 
phism in any of the several brain areas mentioned above. 
Perhaps functional brain imaging, which would allow 
the identification of differential activation of particular 
brain areas in human patients, will help direct research 
into the molecular and cellular mechanisms involved. 

Ultimately, one key to solving the mystery of depres- 
sion lies in genetics. Identifying specific genetic varia- 
tions that confer risk (or resistance) for depression will 
likely be the essential first step in categorizing depres- 
sion based on its underlying biology. Knowing these 
genetic abnormalities will then make it possible to estab- 
lish bona fide animal models of depression, and begin 
a long process of delineating, at the molecular, cellular, 
and neural circuit levels, how the abnormal genes give 
rise to the behavioral abnormalities that define depres- 
sion. Such discoveries will also enable us to understand 
how a host of nongenetic factors interact with genes to 
cause depressive disorders in vulnerable individuals. 
These advances will lead to a second revolution in our 
approach to depression and to the development of de- 
finitive treatments and eventually cures and preventive 
measures. 
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f # 5 Mood cliswd^fs 



1.5 , 1 An introduction to and historica I 
•eview of mood disorders 

recerick K. Goodwin and 5, NassirGhaemi ' 
Jackground 

Mood disoixltK magnify hhmnn experiences io : hirg«ri]i;iii-life. 
projrorikiru. Arrionp Their svmptdins iyre.cVhjggcr;)iio;i:vpf. normal 
iKlnifsS itud uti^xic, ioy ind exuheriirtce, 5c risi i^l I if y .a i ijii &xu»li(y. . 
irnu&uHiy and rftgc, energy ,vnn activity, In ineir divers* -i<irms, 
min>cl ilisorikrf affi'icHi l&rge ivnniber of pc^pltH'^^xftCt r'nun- 
her ■ depending, on hme she illnesses a%/lb'firicd arid bow accur- 
ately ?ht:y .:He:;i>cer;.iiiied. First tocrlbfd . I ) i bi i i di 4 of yeariu^o, 
. foimd in widely qi verse - cultures* •mnnic^dcpre^iye; 'illness)?- ihe- 
pro'totypic mood diXo?cief;Tu (hoK<«iilticrv<lvi|i can j be: 50 ; p.i i 11 hi I 
ih;u:.snlcirie'?ecms the. only meftii^. or ^cjpjc; one of eyen* nye* 
nntrcntcd manic depressive ih.dwkkiiils .3d 11 Ally' commitr- stri- 

n ihis chapter, draw-un «md expand our previous descriptions of 
Imessuuv and manlc-depie^m.' iilnesa - 

)cpressive and manic states 

Vhnt .i re depression and nunia? Ideally, one would rVstideAcribeVinr 
hal' or average tnood;A\'hNe ih is en n. he. difficult, anoperuiiojiiti detin- 
lion might be r Ii.it 'normal* oravcragc mood is thebaic o.fnot recline; 
>art it;u la r I y: euph o rk or- sad, except 11 n d en h c r iehrc i re 1 < r 1 ijin 1 ice.s . l : o r 
ttumplu; it something good happen*; one wo-.uk) feel happy for a. 
■'hik,. and if >cirnclHini4 bud w.rc to .happen, .unc >vouklTeei sadox 
Invn i\jr .vwhiie.' Most pwpls" can r«lau:i'K> this tfennilion. Super- 
Jeially, depression nnd.ftyponuuuH can W yu*A\-ed«as extremes 0 1* these, 
lornial lliicmaiions in mood. Buv.vmnttirdcpression for mania? are 
liOrc ilirti'i extremes of- normal irtoud. They represent syndioi:iti in 
i1ik1i,jn.iddiiioiri<>jnuod^tlieivuic diuurt^iices izi/Ji<mghl, psycho* 
TuMr suue, -beti avion r, tnotivaiSoh. physiology, and psychosocial 
unction. 

Di-pa-sMve s£LaiL> iic sometimes, e^tuj* to camprehend-.owing 10 
•fctiLYrir'ics.wjih no, it; pat ho logic.il depression nnd /mourning; Mood is 
taak. rieStritmsiic, acid deipji/ing, A df*p, sense of Unfitly i> often 
tccoiitpa riieiU if not preceded, by the. belief ihii; inedibility 10 expe rt - 
^C^pleasines l\ pc! : ni.ir.<:itJly g»:«nc\ The::? ia,?a sli.nvin^ or ilccrgiiMf i:i 
'Insoa nil. .ispecu at emotion ami hdinvsoeir: rale of thought and 



iipeo.li. energy* sexuality, and Inability to experience pleasure. Ifci&i'c 
physieal 'itemov^s^sv^' ai'tiViues are rtffec ted, such as e.if in«;-sl-i:ep- 
in;:, .ind ^mf}iiihi^ < $i!vi > riiy'v:irics v ivttkl) < l ranuinc fcoin mild phittkui 
jnd iiiciiiat'Slilnvir'ijg 10 fi:vwi: psyrliosis, w\ih f» d eu is: ra liny, '{.>:<»• 
foundly negative delusions und iKiH'itcinaiions. 

At the ouiSCl, manic iUieri often mil ns hypoinani.i. cliaractcri/cii 
lyjiiCiilly by heitihiejied nioixl, nwre ;mVI llwicr Npctirh. qukkcr 
ihoughu brislccr-physita I and mental aei ieiiy. krvek.. maie cherry with 
ii an; responding deerehseil need for sleep, irritability. .pci'crptu:il- acu- 
ity, paranoia, heijihiened'i s ^XM.'ilitJ^inil innpuhivity; As it evolve:-:, it can 
often pi b«fesis to frimk'psyt?h6isis wit Is proinineiii paranc *ia; gnihci«i.sv 
deiuinoiu; nhd even a' confuted "*WtC of flelirinin, a |jrOfimndly -di-ritp-' 
live •Jtnie thai. ^en'eriiity l*::id's :o hospita^iy.aticuJ. Ai the level ufliypo- 
mania; lliese chatijjes bre geniiiiilly ruojier:t:e jtul'tciid nc>t to result io' 
seiioib proiileius "for the person expiirie.uciti;^ litem. Fur muchly Italf 
of all bipolar p; 1 l,i^J»ti. t lu: Mtij-'iV' e.oes not pn>^rcns beyond hypoirmnin. 
ft ^Jiotable ' dial tnajiiireun occur without :iny ruphoric inrvii! t: ;dl, 
and iiintpjy'displhy :Vn trriial>l<i and/or dysphoric quality. In facm very 
iX^vnio*n e |^^nMtio'irn^iii;in!i]-M a 'mixed * epiit'xlt;. wherr drpivsiivc: 
mood piviionnn^iei. Th:«e irifoal state.-: enr: be dilTteuli to dia-iny:iiti 
from pure aijiia'tMl'dcpteuiiim'. .Vhinic and depjer.sive s?,ues underlie 
r he, no^niogy aVr.\ \ Kid disorders. 

History ofcmpod disorders 

Graeco-Rqman pngins: the ciinical-ernpirical 
tradition 

The WSpporrai ie^elnxd jjtirloriiicd athesseuiiu] fir*i -sere !«■ for .>cteo- 
ttrie..pS>;efu:iiiy: 'ii,arj',ii2ti- that these were til nei5».'S of the body, not of 
super natural ortna^ieai Sputi5.{iee Goodwin and Jamison"- 1 and Alex- 
ander and Sk'icsuick".' for inost <*f 1 tit:, ri-v'ie w or.incien; anil: medieval^ 
buret's /disc us^ej Lvlo-vj. T\w l-iippoeral itrs.iU'hcriljcftl mtrhiiielio!ia;iS ;i 
condition 'assoonteH >vT:h "aversi* *n 10 food, dc5pondc«io-, sleepless- 
ne*>\ irritability, rcTstfancAs'' '/'V-and ntnimi, a^x -MiiiC Ot hi^h encrey 
aifchetiphorta. 

llipporrate.«c aLyi placed the. ae*!ology of mood disorders in Hie 
brain: 

Men mighr 1.0 lmov,Mh;ii Irom the bra in' and from the v briiin only 
nrriv^s our pJc:as»ii'e^ v .joy^- lavigluer- arid: ioli. »■> Well ia$ our ,<ur : 
rO'iVS, pains, grief* ,n -d \:;ai:,s..>whcri:fi;«tc, l.assert, the brain is d>e 
interpreter of conseio;irini*s>... ; 
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ThU J iippucnuic iitofghl was bnrkil Tor two millennia under ihr 
lluiuoiiil theory, solidified m ificdidnc:Oy G^cn : (rtcqnihcdinury ^oj, 
whi&li held ilia! melancholia fCaiiUaLfrpnv . crceMive, flack Bile and 
mania" irotn.wcs^ivc yi:lk>w Inlc. "rh;c»hc^n«^itKer1hiiii iheJbrahi, ,a!so 
fong'iUojigtU to be ihv;or#Ht of imvod diwfnd-^ 
lit th<: dr$i cVinti'ry nc» Greek ; pnyiad^^^ .1 coiwee* 

lion between fitdaiifhi^ui and .mania. J^fklihg'tr^atniwir, ..sorr.e, like 
.S 1 inn ) 11s an d AscI ep i ides. , ei f { .» liehly ad voey Wji hifmat 1 rr.ti : rum t o f 
die mentally-ill, while others, Jiictf Cdsus;, -bcJicyeil lliatVri^Jn treatment 
"vvciuldJVig]ucn ike paiienYout.of mental 1 il ivcj;*.V- AXd< (j-iatl t : s tonic uily 
.pledged: "Dirai-e -niiOvceleji'iir. eijinamfc^ifrc. aire ilioukl -he sad-., 
quick, and pleasant, Thii^'hc p r t; r i bed . bat 1 1 1 1 1 ^ exercise, mnssiggps 
and wincV" 1 

the clinical acumen of mac era peaked with' Arenums of Cappa- 

According lit Aretaens; ihr d«'$$u;nl form Of mania was lhe/l>tpblar 
one: the paiieni who previously was ga'y/cupho'r.i^ and hyper- 

. ;ir.tivn.™ddeniyT.asa becomes aflh«r 

cisd<nf the attack. Inngiiidi sad, lariliirn, lie cmiiphuiirs Uiar. hr ft 
worried about his Miniiv, lic-f&j»\i$h£nk'd* VVheii die depressive 
phase is over, such patients go back- to being ijny, ihey Uuijth, ihey 
joke, 1 hey si.ni;;, 'ihey show off in public With crowned heads as if 
they were rcuirniinj victorious from 'ihe.^siiK^; somctinics they 

• laugh and dance all day and all night", in ^CTftiLvrorms '.of .mania, 
colled furoivfne patient *&omeiiitti$ kills arid Slaughters, the ser- 
vants'; in less lie Veie forms, he ^ fi<rn i:sali;?;Hhn5eilf; 'wiihoiii beiii£ 
eultivriied he sayvhe i.sa phih>^>psiiT..j;\nH the inconipeieiu (Jay 
they -are) y,ood urtisans-;. .cHlieis yet ure ^picinu^ond ihey Tee! 
that they are beine/persecuied* fhr wiicK4ttf&ris r.hcv ait* iras- 
cible; 

The Middle Ages 

' Hie - Li 1 eel?, d i 1 1 :ut Ud 1 : 1 pi fieal 1 ra d i 1 i 01 1 , «a 1 r v i ved in ih l* e a; I v i\| i Odi e 
Ages- Arab .VkisHmv and European Chris-sanS;, although u later 

-succumbed to reliyioiisi'ijiiplitrrihcci iiv Fairope, nuiisk-pliysician.s, liki- 
Gis^iodot 115 ('190-5851, upheld humanr treatment Und emplkisi'/cd 
the hlippocralk. empirical Iracliticm. By tin; Kv'elflh.cc l ilury, llnit !r;ul- 
itii^n had pven way to a inore lhealniu\":il-non-onipirkal bent. Tha^s 
liop,er Elrtcoh, arnuing th^J eiupirieid abxervKiioii WAt i-eo'air.cd for 
knov.'lcd^c and that menial dJj^se* had -natural t aeliolo«»ei. MifTercd 
tlW a-Tisurc of the church r ajui the eoiidirtjinatioij o/hi5.coJJeAgueA ; a: 

.OxlTcirU UniyiTjsity. Prom rhc foCinceiith century qnivard^, IrKpu- 
sitioii silenced empinsiisTtias heresy, hy, ihliiriidnting <ir even killing iii 
advocate:;. 

A similar U'mion played Owl in lh<: Middle. fer, 'fhe Hipp»u:ratic 
tradition vva> exchiplifivid Uy K\iartet> (am . y />>'.>25), a Persian. ecpiivrj- 
lent of Roger bacon. Adamaady l>el;eviti^ thai ohsccvat'ion was ilw 
hcM jjisanmior oftrhdi, he vm alVmi Ot'ihe llu^lg^icfil statui nu«, ^ 
lienounced, ,i!id ended tits -liffi in penury, Aviccnna (ah 980-1037* 
mok a inor«? diplomatic appjoach aiul' provpereil as a moderate >yn- 
tliunizej" or Greek. Rrnnriti. .tnd reli^ ious^ra'diiKins. Ht* medical .^yn - 
ihedis, the Cai: on of" Medicine, enueYtdeicd ri.ear-Ga I enic respect. for 
centui'ie^,. n;;uisr. i:turu; I he view regin'dk'ru mood di,si;«fdt:r-. »JkU 
^irtdoohtedly the material: which b the ^iTeajve piod-ater of mania is 
of rhc.'iame nature as thai whieh producer niHaitchoJial 

The e;irly lj»l.?mic iraditirm, like' it,s.<:hristi:in counterpart, was 
Jiumane in its trojinuiin wf ihc mentalJy ilL The.itrM ajivlijnv tVir the 



mentally ill, for instance, ^ete Imih in the eighth cent u/y ) n 1 
Morocco, and ir. Ikighchid. OtJter.y. ,w«« iixnv added In G;um Jni 
Dainascn*. ^'Vs "Uie Ha^hdad .Caliphate .became more rio^rnat « 
aiUJi*;kio:i;*nsik, lite Hi;)pi)cratic:*j : aditnni in medicine found r v r )tl . / 
hi .tilt' ileal; Anchducian, Caliphate of Spain, where Knjupr.i^ nij 
Islamic Ciiluit'es titixed with- fecimdity. The first fc"tnopr;vn In^p ,j 
exclo.ji^ly orgaiii^rd for the hientally ilL.^.van:itij»uraied ir* laiyi 
the Spanish i c-ity of Valbsida (for n revkwof thii» .period, see .^cwiinV, 
and Seles hkl:^')., 

Beeihnijigvio .dit' Jiixieinlh.and seventeenth cemurfeA, the fnii^,, 
eiVi:inii \/$xvc iinpeUis .lo medical progress ;in Europe. The ei^Ku^hih 
century witneKsed s ilbv^rin^'of the renval of ihe cluiic:d-en»piii;.,| 
iradjiion in medicine, wirli advanced descripiiom-or lu-auta ,u\d , : V>u 
ancholiaviiich :w' ! .he folliiwing liy Kkharrl NSead (175-1) (*"jiioii<J !k. 
hcUs'tvP'): 

M^diea};wriVer»"distsnp neo4dnd> of Madness, mi\ f\^^ : i \ w 
them Bt.Hh iis a,b>nstRm Vh'^Vii:ncr of the mind, without *niv 
NKlernbie. fever; but with this liirfemxc, that the one \;< aiicsfdi-.i 
wiili iuidaatiiisricss arvi ntry, the other with sadiie.wand feat i. nu: 
thai ih»y caltniania. rh'is hiefancholy. I^nt ihe^e general I i*-diiti*r m 
decree only, For melancholy very frccjuently chan^> s ^oijivi «>i 
laten into maniacal madness;, and, when the Uiry U ahaied:,«he 
.na'dness.ge-'iieralK' se't'iiriis- iieavter than before,. 

Idt^hleeiilf 1 - Century' medical descrip; ion.s were- d ifr;»;>nnected from nui; ' 
another, hnwevur. ahcl hraiiy wcirn aecompahieilby lia>iily 'erected il;iv 
silkatiOj| [ V'yrfleinx arnl aetiolo^c'al'specnlai ion's. 

The nineteenth centur y (tu ning point: French 
clinical psychiatry 

Iivi85'l, K'aii Bslrel' 51 dcH'nl»tii ;i cii'euhu djsnruer [fajiiHc&tvtiiiwvi, 
wbich fo; iheTVrsi lime ejcp.reiSly deluied ai: illness in which 'this stii-- 
ces-sion Ofma'niA/.ind tnelanchcha nianiiesis hseJf with ccin-ininiy ;ind 
in a mnnnef. almor.; regular'. Tlie saine yea!' : KaiUarger"*' de^'ilhcd 
esscmtaliy the ?aine thing Ma folic ifouifa jon'tit), eie.phaM/ine 'hat the 
manic and depressive episode/. we?e not dirfeient attacks bin lathe? 
tirlferent siaijes of the same attack. l ! or the first time, ma nie-< I spfoM ve 
illjii-ss was conceived as a.st nejc dsicrse, clearly ant icipatin^ KTae^eiin^ 
later-iyii ihcsi? {jtw* Goodwin and }am i>on ■ 

Ahhonyh mijd caies of mania had been desnalietl by >'ahvn 
R^pjirOl, nnd other observer**,. Mtridel ,p " \eas th« (irii h> detjne.hyj;*- 
iqania. a .'form* of; mania whtdi lypieally slnr-vs itself only inaheinjM 
iia^e*,. aoottiyejy, so to. speak.' Around 1 lie stinije tune. KahlMi.in" 
described circular disoi'dei'i' (cyclotFiynnii) which wer* .:h:n;tc;en/eil • 
by episodes of tfoth depression and exche*ifent but which did n*«i 
in dementia, ,h chrotdc mania ot* meluncholt.i viould. De>|nte tht>v 
minribntions,. most clinical investigator* continued 10 regard owmj 
and nelaiKhoIia as separate enthiei, chronic in nature., which loih'v» ,1 
chMcrWatini; L:rnir;,t : . 



The turn of the twentieth century and the 
Kraepelinian synthesis 

It was left to. t?nii v Kraepelin 5:>i to" 5C^ret»atC' p>>;choiic Iline>>e> nom ' 
each. Other and elearlv ilraw .1 nerinie.ler arouinl iuai)tC-depri;i^ V; ' 



. , ..: .-v.- - • ,e-. , > 



d o • y i NT k<* n uivr i on- to .vt ».n> i'l in :?-*> t? r>tii.s 
i 1 " .i- ■ 



t \* it wijll known',' kruepelin cwplfniized . t'hw'i A5j>etli M^mniik- 
l^nr^pvf iMius*; that Mpatiurd it mosi d&irly* fa>rn dcntemkt'ptyl'atf:, 
j Jf pi*(iodic <» epKWliciwiiisc, ihe.mtM'e'benig?! firopiojvis, and a Aim'* 
j v h^»'MV 'd irtuniC-tteprtWive Mines*. 

fciyepulhtfi rwoltfgv was ih< first disease ihiidei i?i psychiatry* tu be 
U /> C J hy t^temiVeand carefully pt'zttiiitii fife^mtgeib* and deiCi ip- 
&n>; H dul ri<*i exclude fHychftl.igkjl.4Kti social factor*.- and; in foci, 
CfjK3*Mf)'**s oneofibf iirsun \mm am thai p^h^c^icnl iu mm* 
iXS U\ picCipitair ffiilivKiijal qii^fe Ity adding *sltghi c**hnii Ui$% «;»f 
niiu»d* whieh *pa» oKW-wiihoct sh'ait? imahtlary mlo ilic deaiain «*f 
vcnftital p«dtfparilkWi Kfa*pelin ujhft -amicisnifcl ihe laid devdep* 

V/bilf Li5tr* hiviaiigaUuit* exphsicd.tlsc harjnrLingS tarlwctti wank- 
JcpiT^!*'*- Mhicaa j: 'd dciutitlia ptJixtii, Kr:vpdiifs MVidiKtAttirry 
ibnuoji W1 > uwivnllcH id the liistgry alfcciive -JkQrdttt fiince 
lippnu-aurs Kracpcfiift ^ynlhesis is iiiiporkinl noi;bccauM*. it draw* 
he uhtrndiel? 'correct" picture cf nature, lytil rather fctcauta it buihU h 
olid ami einpinrally '.mcbcareil ba*c for furore kitowfcdjx This wi^his 
iiiiior ao^inplUhnient. 

ijnlbrt mutely, Kraepchn and his colleagues diil-noi possos many 
ilkiivi* medical uwmentj; lor the twn aiinli.iK.in«.thcy no jrtinstuk* 
ugly UliriHiilcd, fJrujj, neniineriK i'ni inani;:-d?prosstve i I Ii-se5:5 were uol 
vai table, and the cure nf ps)u:hnsi$\see.nied almost impossible. When 
iiIjiH von VVsitiMci'-JsiuiTiigi;, liit? cKirsj'iU psychtnrry *i; the Univer*?sy ««|* 
M>i;n.t, appeared to cure a p>ydi«iK. piicm with nmlai»il bluiid 
3]CCiifMis H wu?t aui.li a fc.it thai h:r w>n ihc Nopd prfc«. It turned nut 
tui Wf$iici>hiurr£gfjV patienitt Miflcred fn;»ru ircurosfphitist :»sd hi^ 
v**;»rUl l|C4tliiciii wOi-kcd by prodiscinr; intcrmistcnt fivers iinsl <i 
cdu»c in 0»e |i3tMrril5* HMaulKric n>iini«. tVntcilHn obvsouily Liter 
•tOVtid to !h* a iitftrr >4»rcilk tnrr. other psydito itsi •ha* ever v^wi ;i 

Clxxn i}n~*c Oicrti|*cif.ik difficult the Kr<i?p«tini.in vth<*ot xklk 
n'MT-'ed Utf Ixrifij* |jr*u:tkal!y i:nhtlpful. l^r^cr.K coiikl >r>^nt.i:»ron% 
sow' iwm muiitf-dq'fi^i^tr epijiMle^inii there -».vcr« : 10 \ i*zimenv? 
\ A\h\hU\ l/cuHiftia |?iacu.ML. it,< (kicnuisnjn^, cpurse an.cvm 
ttvtcn MiTiMihir^ io tlicmjteittiv nilsilistTi, As Kajl laspeiN. pus h, 'tvn 
ve:c thrt^ptfwUciili;.' f>f le>> b'tti kuidV 1 ' 1 "Hir (^ychiHna'ivtk \\Aktvr r 
t* of ImciuI tuuudiy ci hicucd the Ki;si;|>etii;ujis on ;his KOi'tf. But 
Ut«oy iVniirnrrf KiTif|?c!iji to favour, a! lea?t Tor ?u,nv f as tlic psyche 
h*irnuit i>!t>^ invnliuion di. a inon5U*nted thtviheiaisennc iitilky of the 
v\dil M r «»fil fn iM tiniiy, 

roud and the psychoanalytic view of mood 
lisorders 

id runM oJ' ihc uveni-iuih »:eittury, hov.'cver, die psychi^utalyiie 
llisi.uc of i,» pi 1 1 fan 4 prev.vibti Prteid'A cUmdc wc^k on u*ii>»id ditfinhtT.s, 
vUniilttllft Aitd meliuichulw'.* 11 ' vrt jhc tnnc. k ;ir^ueS iliuL.ificLisK.iirt- 
a i> t%Minilj|l.y (ki>ulog*:ntf to the de|;io!tive.lr:cliri^.i;»f uotltwl e^pei i- 
'i^eit I tV.t* be i £>\yct nc T«*» ( rend, t.?ir Jejm^tfvtipmcrss It* uik»»uiiiiii4 
r htft lr»ifft the tendon h«tw«« aitibiv;tleut .iVrlin^s lowwl ihe 
ternu Hta 1 Uiw and ^^ro>torj, Mvbncholu v;^ c»>;terivv«] i« i»v<4 v < 
iiiilut a:nttlvateiu fcriim^. f rnwl'v h^isic imj^ht bito the ci.mr.^ciu^% 
CtWwii :itiiitr#uit{t a»it mrUiirhtifti way o:pA«c?d In- birr pr.vhn » 
"Mlyvi* iHttj lite gctirtal lhswy that .trjuoiion ti nckted 10 ferlinp ui 
\uW4t\}% aiwnhei person, t»hcn *.meV p«ivt:i5. f lnr.Sc wicre^n - 
*l> hc*rf;k T Jerluvp t«:nnl inwird"? luwsttd aix^rif. i n;hei than out- 
aid* twAitl wht rh k*ihft$ ti> dfps^k*fi~ ; 



Karl Jaspers': Generaf Psychopothology: the 
phenomenological tradition 

fVMkTe*t*pf»riiiir*:»t^lv'' with Kracpciin and Prc^tc*. Kart Ia5p»:i'< ^vr».a<i 
Citv^vti/ t : wiv&y* ' * which emphastrrd the importance uf 

aohiaird ctftitiisivc dmfcal i!a»sC7tpttQn 07 p^.vh op ,k!x* (o r ; \C a! tlate:>. 
las|?ris ari^ied thai m&» mimical daia ncciko to be fathered n«jUdlty: 
frre of antUrf lying »hcofe. like Freud's. a:vi f:*e ofspeftfit iliagnaviic 
p,»ra%tt;s. like Kn^peliftX i&p&tf* irM&itf* led w? utoit tatsj'td. 
CeiOtptkn *>l" ii^iHfd iyiutii'mies. jvcxcmpiifxd ir» the highly uUkttfi* 
Ua! textUooh -* f u?t > t!if;:r,i« /%jri^!f^\V^r.*''* : ' j.nti. Mu Ibmilion'i 
Dcptcs^JWt Rnth^J>Cfi|c,x"KSil| i« rwmnor; \*& why, fasyen theo<?:t\Mi 
wwfc *tf?| ivinliitu*^ w pnv.-kir important insight* into iho ronCtfiHtRtl 
hy>T* of pakwhiiiry* 

Mid-twentieth century: Adolf Meyer and the 
evolution of American psychiatry 

fciriug i he lir*i hnlf q\ the tv/eniieth century, die view^ oj Adnlj* 
M^vr i,(M jjnuluaQy assumed a.donunaiu posiiioji in Amcrtcaii p^vh- 
jalt y, Meyer l>oliw*u tru^ p?ydinpdt!volog,y emerged from inieraetn.ins 
bciwwn an individuals hiok^icril and. p>y*:lioh\;ical diaracierutic!* 
ttttd hi^ or Iter s<»ctal czwiroiuittitL While ail^^lni; tor I'ioKi^kal .itid 
^eiK'iK f^Cloi'S. the Mcy*rii4i> ntKfersiWu! th<:iri ^ par? »,il w indi- 
vidu^rs vtilncrahiltiy to >penlur p5ycholiii:i«:al.an<J vkiaI trrthtcnecs* 
This perspective lew^yiut^oli^ts) by th^ ntbne *:n;ink-df prrssive rc£tC" 
lion' ttt the 6rM r»md:il Amertean IVyciitntrk Aiyjtintion di.i£nng;tc 
liiau^tl pubfMhed iti t l>SM-I t. Meyer > appntach rfiifrrs from the 
naauaid di^e ttuytcl m \4nVii efinkaJ p^n»tvrn-tu in 4 giwn. 
p.vtieist aif tiJider:u*o»t tawl r thrrefMrr, ^mtwD> prc»;lic;ahk) m 
teitnv i3f*a ^tvea iiiaeasr wiilt a *peosk neutral bi>:^tv arvi f»ashophK» 
*i<di^y. \^hm iUv Nleyrrian (<mn>, confidcr^hly inllv«fK<d by pvjxlio 
.uul^i>, turned ^-iimsii<s^fre%$hrs illn.^v* ihe ini!ividti.-ii mil ht> ot 
lie? wtionniijiit htsaqii: thr t.n:n^.ii the. expanse nfclciical dcsciip* 
iivUH r*f ^ympi-onxt and ihf iongii mtiiial course of the tUrna*. 

Mid-twentieth-century European developments: 
Bleuter's influence 

In lj|fO|$e« ttie p>y<;lit;i>ticial urn! j>sychoan;dytic iir«dui(in5 enntiir.ird 
rr. develop in relu'.ivc kotaiiitit.lViim die - nia:nAl renin M psyc hlnuy, 
which l^i jjely retained tw. uifdical 01 dis'e.'ise oiiemnuoi?. 

Amonf* the academic psycliial riMSvliuyeii Wieulci**"' depat leil iVotti 
KraCpclitl hv COncepiiiidl?,in^ 1 he relath>iifih:ti between inanie- 
depre.v^ve -(affective) illness and dementia praccox (schixophrwiia) as 
,1 covin rut vim wlrlxnn a ^harp line of dcutarcation. I'aifciitf weie di>- 
iributed atJ Awtp, this spcctriirn, and an individual juwen: could be at 
liiiiVrutu poitiis i»ii lite ^pectnnn ai diiTerttnt timv$. bieuler beiivvvd 
Mist ;» paCkiit^ ItKutiiin nit this spectmm aeptrjidwl .jk ihe pntnbeT Ol\ 
ubt?.tjphteittC feaitir^ji lie or she demons: rat e»i In that <eme. OiCiilvr 
votntskied tttvC^I >yiMpteiit» 10 be nun- >pe».iftc. 

In l;>3V K<k*miin ir * khrniifiwl a caw? attieiof patitfnu who delimit- 
atAUsi the MPM.v«dep:ey>ive i-ytuhOHse, l>ut j!mi dLwbyed pvrcluuic 
nrnij«isn« ♦n;;%i/ir at mood q^btnkv These coitditiOn* y?ea ied to lie 
•unfitk ct Ki^ejNrh.n^ itiriwminy. IithI ;he <»>iVC*!p? 1^ trhi/O* 
.ithMliw dUorder. 5«>inc dinkiar<j continue ;o ie^ the$^ ob.^n*jinon« 
a!» 1 rtMjf>l Chji Ikn^ to \ht c itt at. K rar pc iini n ir^th J * - ? * . 
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f ig. \ JUa cyol.iJtiori otthLv bipolar- unipolar -dfcdn«fon'fr$ii) 
h1aii«>^lej>i'ttt!.iyc illnyjs, D. roaj&r desrcii'ibnVd ■ iubLhce&liciiil dii|ji;«aiipn; M. 
own in: in. Iiyp»m«ibisi. (Adapted from Goodwin anrt|ftV'ws<>n:^f) 



The bipolar-unipolar distinction 

In 1057. Karl l.ronhard ,J,> ' observed that, whhui flic: tmtfid eaie^oryof 
nunte-depressivo illness, sonic (Clients: had historie&of both depre* 
aion ntifl mania, whereas oihsrs had depressions -only- He thir. iwt*d 
ih'ji patients n!i ii history ofnunia (whom lit; -frrmrribipolftr) had n 
higher instance of nianhi in their jamthc.s when ca>n;p.ired with those 
with depletions only (whom he let j tied monppolaO. In UtIcs 
Ani;s? ;i,! auci Cnrl Perris 1 -'* 4 independently provided Sysicaivilic family 
history data to >uppoJl Lcun]urd^di^iinct1i>ii t/ n-iiiKinc;ipn validated 
by an incicpcndcm criterion -—rainih* history.. Liter -generic studies of 
tin's disinu'i ion proved less coiva'sieht with LeonhardVmodeli sug?,e>i- 
big that bipolar and unipolar disorders inny Ik- along a spectrum, with 
bipolar illness being more .were. Figure. I displays the evoitictonofthe 
bipolar-unipolar distinction U'uisT Kruepdins original eoncejmiali?iV 
lion o$"riini»i<s~rl<-piv^b\' iilncui 

The psychopharmacolpgy revolution and the neo- 
Kraepelinian restoration 

Atwr Hicud. the object ri:l.iTtohs thkory.^hool made important psy~ 
ctioai laly tic coniribntioiii* -to' ti;idi?ri|:inVliitg an bod disorders, Donald 
vyinnicO'i.V-^ icir-lnsilihcc, dcstTibefofe posit ioa' in infant 

dc><tlopiSteiic» w 4 lifi;i ihe infn.m'15 hiflpiws olid ii:iiibliio:m.vs^r his or 
tivt ■ffui^rtundn&s: Tin; in tans} Wjnnic&H taught, responds 1o, the 
mother YrnubiUty to provide eye'rything fo'ir liiih^jr Ji^r.'^iS'n 'heccs- 
nary plWiseiot.dcpteSsiv'e inW'ii "amV&imi}^ dial rJonie 

aduh p5<t)ii>p«tbolu^y related Co a r&*i:r$io,ii to nr inability tfrcnntpaer 
trim Hrp revive >pJ i itse'bf devVl<ipiueiU.;Unfernih^ely. ^n^c- clinic wins 
irVinsi.iied this hypo d:e*ir into itw belief -dial fell iniJivbiuiife,. p.nho- 
loyie^ily clt'prtis.wcl nr urtClinve a Vcndejicy !<>'{iu^rik$iv& syjiipioms. 
and'thiui deprie^ir»ti.vr?.s co>"n ircpt lized M^a-bmaci^j^ctriim'iiil' paUl- 
oki cy l ha I ex i sled in tve r ynno . 

.liijlike lUe.iraditioitiif ICr;icpelin. wUvia !itdividual >^vt:hi:jlrk: 
ik^cs w rcxiTnice i veil ;is caiir gori cnilly difiWeni ba.sed,on tli;;! ir.Ki jiath- 
O'plr.Vkilogiciil j>coiw.NcN ( die prciidun xocim y.';*i on. a psyeliudyiiainic 
incory of iuscin*!!^;*! drives ;ind defence nv?cb<ini«r^. Tin* ihe»>,ry. 
wh i 1 f pc i'h .lp.s 1 1 i:cnj I i n c« n :s i n n'eu i i » Vrr ,1 r<icd ( he. d c veto pi ncjit o 1* 
iin t:mpir;*-iil descriptive brisi.< for- jiV^Ii? ilo>jirnl .•ritejr/iii*^. Hnrlhe:, 
when |?.fye, l iodyn;imi«: ihwncs were cxieiideil |>i p5yrhw>. the ding^ 
UCi&te diwtnctioa? ;nnt»;i^ disorders hcCainc.cveii niowr cn'nmVi*d. Thr 



all-eni:i\inp»Asiris» rurmv of Kreiidkui themy .ilsc seCiiied i.j t,., V j , 
impr;icttc;.il conchiisons. E^i'yone, wlreihe; ill or not, tvftutd , 
bcnrfii f'roiu |?sych^mui lysis; :*nd I here Sivifsed to be ik> ; % ?ertekTi'»|., ( 
li.mil to l;i:iiv iiineh litue arid expense, w.u >pe'nt in ;he proofs', vi ^ 
avher:fKt.i%titc£. even the.mo.st psydiolic p.uiein? wtrr leii hv.inn:,' f M ' 
tFqfitnblb by p^ychoorniiysis, imd Atbiiopiirtrni.) win consiiii-ivd t,. 
from' ■ severe" psychoscicuthebitdhgud tiauirtn. Tlusc bypr.j|iosvV f ?(fi 
U?ni: accepted as do^tna, liuye b?f£ii,ec.n».radic:eil .by L-mpi rica! #1^1^ 
litis' ideology, eSjieciii'lly vvlieri i:i uli.se ip'lin^d, allowed nr, unbMlf.j 
oprifniirti: anVthit^. ^orried.v.ellnf.^ Io^IkmVii'^i severe uchi 
plneniii, ^;is liable jo eno'. Fretul himself may be iisonaattni r.^iv A 
•if iut> l<ccudi?:,:Jui o)u;c diswfolil^'Kiinsvll' h'Oiii Wnv 
. h i.s: ; :noru. ;e.x.t i^nii^d jsci ^>Jr die diivclly disavowed "i he nt ili;y ( i}' :J i^ v 
cho ;t.na lysis . hie ^h'iiophi'jL- 1 da .fi nd neMer di%ciis>:i:d it 5 ii^c in .tn>.- W% 
tennuk munnei' in inunk^eprfcssivtt. {Iluw. lti.it s«mc .-.j j,,^ 
.imcilcciuaJ 'descendimu, like Harry Slack. Sitllivim, 1 ' 41 eij<f m ,,, % L 
argued otherw^e, tisrhaj>,s .i.T^llctiiioii ot American ja'antiiaiisH-, . t „.» 
'con do' OpiiriiiSiii. Urd'i>ruit:-»itc:ly, this optimism was as uncrii^.ith 
accepted as . Kraepclfniai; nihilLsin had be<T». 

Contemporary neo-Kraepelinian nosology: DSM- 
III and DSM-IV 

The euirciu nosology; eodifitd in in 2*980. i> lieik-K: j'qv 

liriian. ' T)i e'crnp£rteal, evidence: for U b based on i:ia,;sictr v.dici|v ?an,i> 
3*;s« ilHivint? fioni tfie pioneering, wojI? oj'Jiohins and Gti/.e;*" u-ni* 
laid out ii ^ioniklwork l*or-esiabli.>hiri[j lite v;iiiiE;|.y nf ,1 jijiy.lit.tbL 
diagnosis based iinjhe Toiir i:riidr'iii ol ciiniitKl [.Hienonicaoloey, ryiu't 
tcs, C5>>n*se» and treaiinent re'spotVitr. Tlu.s {iron}? of 'hinkeej, centrdl ..1 
the Washington ihtsv^r^it)* iio-Si Louis hi lh« 1970s, sw.im .'i«:iins! itfi 
tide of psydinanalytie onhodnyy, e.nipiri»:ally lesied competing ii»»m.|- 
ogies', .and'de'veki|>ed* diit^nosi ie cHiona whieh becaitv:? the 'had* i*«f i<ir 
firii em^Lhcally based psychiatric nnsoin^y. \v-hih: ,s<>nir jinidk's haw 
lailcd to jind evidence in support nt'DSM lii's.su'isriiogy. most »«: :he 
.empirir&lc^tlRtifranofUinti^ to support die basic'^rtictureor'JienV*! 
k'rnepelinian nosoloj;y. ,;;; 



Introduction to mood disorders 

Civet) . Ui is historical backerinntd. wc can' 'briefly suintuarire cuftem 
views regarding itiotid <isiordersV 

Diagnostic subtypes of mood disorders in DSM-IV 

! . Ma jor depressi \v (tin ipnlur) distirder i.s l characterized hy ;1cpiv^ 
sive episodes v/ithbut any hypojnanic or niinsic states: die p.))'*'", 1 
Ik either depr/sse<l or aef;ra^ir U\ mood, but expeiime^ t»" 
mshw: 

2, bipi>lar k "d iso rdcr is clwaaeiized by macne or hypvuvnmu iTJitS 
the patient :h either depressed, cuthvmk (normal m mui«M. 
ItyponKnvic/mnitk. Bipolar di^ocder dirtcrs from unipoi.ir 
order by indii ding nn-iiic states No matter lio'.v many ;.iii'"y> > l 
j\3iii:;n is dl;pri^Si;d, only one nv.nVic.'hyiH.wnaulc cpU^U' ,v 
nx|irin;d to dis^ndi:; hijioinr rather than unhmJji' disorder I • 
poiiu disorder is U t'r tit er 'cbara Cti:ri zirfl as type Lor type H. f bT; 1 ' ' 
i:, diajj-rmsed wUeii ;il lenst one \uznte episode is iaentilWd. L^"'- 
ally leciu'ieiit dcpieiusjon silst'i t-<eeuis» biii.hi 5 :o 10 j?er ^ 
cises tjwre* nfs no diaguMSitble tiutjor depressive ep3>^^> 
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F'B' 2 *Ihfi aHsciivfi-ipecii-um: MD'D, nujcr tf*,ve&ivt: iJi sorc'cn KDE. major <Uprejj>v£ episode; B?/W0S l 'bipol.v^bi^xfcr > »<M tohi:rwii« 
.specified fdus could. include: mania or hfpoin&iiM r^niy yn anticcprcsssnu. racurrarc KDO with undftitpiig liypfcfihwaiia, or reeuiTcn: MODWkIi 
a firiL-cogroe relaiJvQ with bfps la recorder): SA.,.5::hi/.o:iffyrjvjc disorder; bipolar type, which on bet s«&n as, :i imau scyuos vtirwin of 
n ianTC "do-arewtVe ill nc v;, 



ulc hough cj Ini ost iilways there will be minor dcmxssivt* spUnditS; 
Itipolnr disorder type I J requires the : absence of . even one manic. 
episode, and ins1c!*nl llii occurrence 01* at least one hypomanic 
epi$od« and ai lenst one major dEprfcSsivcv cp&odt;« The criiical 
difference; helwern mania and hypOmania-'jn. cuiTent .DSM*1V 
nosology- itf lhai munia iet'| aires Siijnifionl ?a>cxt| and occupa- 
tional rKsfnm:!ii»ij while m,hyp>mania Mjm?ficant\ social '-and' 
occupational dysfunction ;ieedsio he excluded Durational cri- 
teria nn* I cas siriei for hyponiania [a minimum of ^dnysjihan Tor 
mania (a 'minimum of 1 week). 

Dysthymic refers to clinically signihoini niftfoi-deyrosK-e ■ symp- 
toms, i h,u .ire present for 2 yens or more. bin cln.mil. reach- ins 
ihrcshnlrf (wivh respect ro severity nndior mmi!;erof0iym;iumis) 
for major depression, (Cyclothymia 3*5 a condition ui which; likr 
oysihymi.i, depressive symptoms do uoi reach die ilircjsHcsltl for 
•riugnosts of -a major depressive, episode, imdhyjiomamVis pres- 
ent. Cyclothymic and dysthymi.1 may represent a ore-disposition' 
to nsnj.o.r anood ijiy.irdi;"*,. busily, whereas cyclothymia and dys- 
thymic irivolyr: .sonu: dqirevsive. suite*. 'hyperthymia 1 is iome* 
linius. ns<;d in rJcscribi; chronic mild.hyi?oniam;i (decreased need 
10 r i\ v,v. 1 v ex j .vi 1 iSi vc b ::h :i v i 0 i 1 t. ma r ked ■ exi ro ve r«o: 1 , ' r . I *e,hYe a nd 
.Villi, Of' the party". I*,iih:7iis . waih dyMhymw.; eysloihymia,. or 
fiy|?t;rl hynnn may develop unipolar or bipolar {iicoidw nndv.*: 
f?ii:itn uiraimst;i»ii.i*. such ;is wii.h itniiyicpjewiiti! una 
beiO'A*). 



affective spectrum 

vMri;jf iMiiii ui ir.oud cUsi.uder.s can bu cone;: ivcd.n Ion j^.,*>tW LnOiid 
rum ofafYeeii'v? illiie>i •! 2j, \vuh bipolar i*i5oi'dor lypc I unci ;i 
major depresfive.eptsodf m the ex?fciiiL% Type: ir^ipclar dis- 
• «i nri cycio chf n\ ia di 5p \ ay l.cs* iwt s { hi: i i c sy : 1 ijJtbnis, The. ;i rc:i. 
ufci-i . eyciothym is -a 11 d re'e \ 1 rre'n run ijVoki r. .dy p:y,<s i? ni j.s con t royer- 
!0r re? ponding to' the I^SN'UIV' diagiioMS of *l>jjio3:ir ilisorfje.r, hot 
'wise specified''. We v/oti Id \u gjie^r th«t il; ,; h<n : hl/i hcludr' 'mid - 
rum enses: ihcsc niighc. include Those'u'iio.'Ciuly cit]twtit*.n^ hypo* 
c or. maitic cptojtk'& *'whh aniid vprc&Ka iVi. tiVedicniions Uui. mn 
uuiti/iijily, nnd ijiow ^vh recurrent ump.olai: i;»aior'deyi;e?JSivc 
•des wnd n firiV-rli;<:rin' r*:l:i-iiv:: ■^vkh'.lype l : bipolar 1 disorder. Soiiie 
H ;ulti those with hyper iliyniie i^i.niAliir'a'1 baseline (i.e. fthen' 
kpi^essl'd) wh<i also experieuce setui^nl 1 isnspiil,** r major depres- 
,*pisod-js. RC'Curjeni, psycluitic, and aly|:-e:il Mnip<H air depression 
vil.so be closer to iJie biuohrr cnu of die ipecuuni, w::h .Miiiihiritiits 
iilcrlyiii^.priiiioi^iysioio^y and ireiiinieiH' reyponso. Ai the oiuenie 
e bipolar end or" ;hr .«.percn:m, s.;hi7oajteetive disorder, liipola: 



iyj>e mij;hi I.hi virr.vcrf:a5-'a.-morc severe psychotie rnrn'i nf hipolur illness 
(lor ,i review »>i the dau un deriving these view's, s^e Goodwin a: id 
lam ison 1 "). 

Moving from/depression 1 to diagnosis 

A ci.unm<nv;nnspera:pti'on iiniong soMK;dinicintw and paiKnts- is 10 
t hmlv of 'dfiprassion 1 as b<iuig-'«i^uiv;ilenrao .u tttf >ola pdep resuon, which 
is iheivsreated wiihrausidepresiiaiiis. There are a number of reasons for 
Lhb; phenomenon: =hc first isajiarpaiieiits.oftctvlack insigln inin their 
inani csy niptot ns;oiot bniwv i 1 ig: :\hi\ tl icy are; ill* they deny 1 heir, manic 
^ympioins to clinicians. ;S£^nnd!;dcpri*Sia\r* v syinptoin^ lend" to last 
longer than manic symptoms; sonietit nes;;jt e ntonr h-eauati , ;iivd oi'ien 
a re n 10 vc p.wc lUea 1 1 y j iai n To I ; ?lu ; p ati e 1 1 1 s to nd to see k s far. a > 1 l' t: 
when: depressed rather than when inaniC: Third, tl>e many sil-a- .•nti- 
depres.siinrs. rhat have htwome available, over p;m H> eenrs l;:r.v 
hecn excensively inarkeied to physicsan. 1 ? ai \hc Mime time that <l^.ires- 
sioiv awatenCSA' projirainsnefv Isavc edticahid the public aftmtii the Avail- 
ahiliiy. of safe und effective tieacrnenvs: Sitnuhaneously, few n*w 
ireaunems for bipolar disorder have become availahkvand Lliere hai; 
becii.jJcair. pto tension a! ?. nd |»iblk -education iiboui bipola: iJlne.«. l : or 
e>::inipk. the mains-ay. of bipolai treat nient. -lithmm. Ls an inexpensive 
generic drug wiili rmmnvul funds -available for ns spromoiioivor for 
educational efforti. 

As with the differential diaj»nrj:itic process in ane medical uUca.se, 
the iliagnoMsrof mood drSortU-rs sli-aoid'SUiri whh' lliose disorders that 
mnsi be. vmM out Inst 10 those dial remain afterwards ..(Fifl. 3). We 
believe tli-.n..thl5;proci:ss.shouhi begin by rVilt'ng out deprr^ton '.vhich is 
dearly due: to another medical o: psychiatric disnrder. i>r suljjjtauce 
abasf. Such Secondary dcprcsxionV usually ii:\\*d*.v. a wngle major .epi- 
sode neeurnng'in ihedl.'seuee of prvar <lep-ress:vc symptnms r<r family 
hisrory, iimi ;ii u l»Uf.t> aye ot onset than \a lypacnl for pri:nary deprcs- 
SjOii-. The second rule-Oul' di;i|:no.sis;ei bi-jular disor der first, bipolar I; 

D Iff ore li cial d la fines i vo f d cpras ifou 
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_j 
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Secondary 



Pig. ^ Th,: dirTcrcmbl diagnosis, of mood «isorld«rs: movin? frw 
ikarcsvivr*' to Jrognvyii, "he wi'<Jv* in which diagucses nti* K* be ^.«ct;l«t1*d 
is ji .fallows; |1) s^cendary dep;'fis£ion: {2| 'bipolar d*pi«!&icn: (31 unipolar 
cc-sresijon. Thus, u.-jit-Olar depression is ?. diagnosis oiciccbsion. 



dicn l«:(?oitif 11. ,nn! :u*>a l^]ti:il. y ir ■ -ncn tubci wise ;spccMli>M!^jinM'ld be 
wapurmlnllv nilwLiMit before unipolar tlopiciMon enn-fte ciiftgni^cJ. 
Un u ii i ti rttuch; many clinician a i vd pah a i « >• j u i up fro ny t h >; rseagn i 
i«>si <»fsi isiabr »^>r^>ivc jyndroms.* djY*cdy ioa 4li3gimV'ot'uu]|?i>lac 
deprcaatusi withmsi iht C(i\k&) HttsSrosdfoie ttfdC'C& of riiii:^ <*»tH 

bipolar c&Hlimn<: -TV rcfwfist tri" tl&rprfteesr Iks b the. under* 
appreciated Tier rhuit snlulfpiXviiJin^ enr; \\"nr,u'(i bipobr illness, cither 
by canting acnti: numb nr by aciinjv;i.s iisciod <k'suil>lli^s. counrcmn* 
tlifj tlic! effects of moiyl Mahiltsttrs, and lt:a Jini* tt> n loiig^cnn rapid- 
cycling roiirxi; of Ulross/*" 



Conclusions 

Njood disorders arc ccfni|V>$cil of depress iw ,ind manic Males " rh^Vit v.a« 
be coiKepiiii&lfavd as u'tiiptijur <k bipolar ccuicliii^tKH smd/i.»r along an 
iiri&ito i|>t*ctrmii. Clinical sapti ierke. with Miajito a*ttl aidant Mia 
H:n* k* ihf Hippociiiiic school, tvere. ''preserved and cftiinVcKd to 
hunvmc Hft&inreot of die mentally Hf in d:e M iddli\ A|X*:» i it d ErJidu* 
cri rn<; it i , a nd . were sv^trtTw i foed in die n t n e ate m b ceiuur y, ttijmiria i« tig 
m I he Kratipdinian nasiiili^i After- n t J t?-"c m pi ut s?ii;, ci f tho [italic?) dis- 
ease muiJd doring-liic |«yHK»ftjiftlyiic;^ttn4)ll of liilluffitec in \hc mid- 
iwniitttli ttfDinry, d« OiiYcr.t notiftjigV hiU rchirned to it 
n<rt-SCt?*cp#irman Miuttiirc thai i> Miet' ftipponrtl by. 'trrafarical 
n*€,»ich. Mcjnwtiile, i!»t> tyisolityir proven u«efvit im ?a?i;c1in» jifw 
rntsiiciii^tm produced m the oaring. |H>vlH»phftfftnvalJn^- revnhi 
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4.5.2 Clinical features of mood 
disorders and mania 

Per Bech 



Introduction 

In both B5M-fV ,n iitul ICO-itt 1 * 'Ute u*rm '»ff<«w Im%-Iv. 
replaced by th<: lerm'uiood' ■lo.cmpbasu* \\k it«ra?ion «>i'Hi* qN*';*K* 
^ii" clinkA! rf^prcsssmi or niani«. 'Al'tknw' oncn rcfe.iv. 10 eitu'Mmvl 
Maieji iifbr.irtVr duniSon ih.ifi 'uiortij' or k- iniiJw dcuriva »r»i «»hi|' 
ton'is. Thrriurnikm nf Hrpnsi.*vff niopd writs wideh ln?m t*on < 

Pifpstv I -jiliotv^ the sp<s:jfttm £rt~<lirpriafion m\d m.uiu wxamisiS **' 
b^>rli D$M~lV oncl- fCD-^W. The .rja^ni^ of 0w iicuic ibni» f ?■»*•*> 
• Mi ihe.jevchiy •iif^ytiipioins of; he upbodc itvH'- .Howvvor. i» f - , f K '' 
rjiirtl in Pig. !, «bcr«j ni'c ;i}<o mixed .m\nts oi diipressinii aiul 
Wlien tJacy rs-cur. lhc:ic mixed Males follow ^ hi|?<Har piiticrn 

Non-inLunS Muto uf <lcprcsi»ic*n jno ;surtia ai'f »'J:uumJ c»rt^ 4 ?* 3 ^ 
Aboisi 10 §;*f trm Of palttta^ wjli h^iv< b*»*b de«sfc->siw *in*3 nrn»k 
Kairrcnrft artd die term bipular TjaduiuiiaMy fefen to w».>fn^« 
wsdes i?n.Hifh .dOpi^s^n and uutnU, (Neil rill ituMit.il.di^nb^ ****** 
ing -sin upuodn. cCMifi.t*^i.Mild l:>u\clas^fiiM^ it>mood dfc^nictv" 
ii re also chrouie ttiwni-disordco.. Tlnttcnn climuic iiuy'^' cifpr^van 
u^ird cvdi^fibc pjrrsiitcilc.C 1 of Hiii>ym|MOin* for 111 orv dui^ ^ V,,JI ' 



